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(1) Ribosome-associated quality control (RQC)  
RQC 60S
RQC





















Hel2 77.6% rotated state
rotated state
hel2 κ rps20-K6R/K8R











(2) No-go decay (NGD)  
mRNA (NGD)






Hel2 mRNA RQC Rps20
mRNA Hel2
RQC Rps20 Hel2 C





























































codon : PTC) mRNA NMD (nonsense-mediated mRNA decay : 
)(Kervestin and Jacobson, 2012) 2) (A)
κ mRNA NSD 
(nonstop mRNA decay : mRNA )(van Hoof et al., 2002; Inada 
and Aiba, 2005) 3) mRNA NGD (no-go 
  2016  /  2017.1.12  
 
 10 
decay)(Doma and Parker, 2006) mRNA
1) mRNA
NMPD (nonsense-mediated protein 
degradation)(Kuroha et al., 2009, 2013) 2) mRNA
RQC 
















2 3 ( )
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1-1. mRNA  
1-1-1. NMD (Nonsense-Mediated mRNA Decay) 
DNA
(PTC; premature termination codon) mRNA ORF
mRNA
NMD 2 1)
EJC NMD ( 1-3)(Bühler et al., 2006; Kashima et al., 
2006) 2) 3’-UTR NMD




mRNA - (EJC; exon-exon 
junction complex) NMD mRNA
mRNA ( )







eRF1-eRF3 NMD Upf1 Upf1 SMG1
SURF (SMG1-Upf1-eRF1/3) PTC
EJC Upf2-Upf3 SURF DECID (Decay inducing)




(Kashima et al., 2006) 14-3-3











(Amrani et al., 2004; Muhlrad and Parker, 1999)
mRNA A A  (PABP) PABP
eRF3 PABP PTC
mRNA (Behm-Ansmant et al., 2007)
NMD NMD Upf1 eRF3 PTC
eRF3 PABP Upf1 eRF3
NMD  
NMD
5-70% ORF (Auld et al., 2009)
A (XPA) 8
(Tanaka et al., 1990) ( )


















(NMPD; nonsense-mediated protein degradation) Upf1
(Kuroha et 
al., 2009, 2013)  
 










(Frischmeyer et al., 2002; van Hoof et al., 
2002) cDNA EST(expressed sequence tag)
cDNA 1% (A)




(Tsuboi et al., 2012) mRNA mRNA
NMD SMG6 5’
siRNA 5’  
NSD 3’ 80S
G Ski7 C
(Frischmeyer et al., 2002; van Hoof et al., 2002)( 1-5) Ski7 C
 (eEF1A) (eRF3) GTPase





NSD Ski7 5’ 3’ A mRNA
A PABP A mRNA 5’
eIF4E eIF4E eIF4G
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PABP mRNA ( ) mRNA
mRNA A
A PABP A mRNA
Dcp1-2 5’ (
) Xrn1 5’ 3’
 
mRNA
NSD (Tsuboi et al., 2012)( 1-5) tRNA




Dom34/Pelota tRNA eRF1 A
 (Becker et al., 2011; Chen et al., 2010; Hilal et al., 2016; 
Kobayashi et al., 2010; Shao et al., 2016) Dom34/Pelota A
A mRNA
in vitro A mRNA
Pelota-HBS1L A mRNA
in vivo A
mRNA (Shao et 
al., 2016) Hbs1 Ski7 GTPase Dom34 A
HBS1L G GTPBP1 GTPBP2 Pelota
GTPBP2
(Ishimura et al., 2014)














(Tsuboi et al., 2012) κ mRNA
NMD SMG6 5’ mRNA
siRNA dsRNA RNAi 5’ mRNA
Pelota/Hbs1L
(Hashimoto et al., 2017)  
 
1-1-3. NGD (No-Go Decay) 
mRNA  NGD ORF RNA
mRNA (Doma and Parker, 








2 mRNA 3’ 5’ RNA
(Exosome) 5’ 3’ RNA Xrn1
NGD mRNA RNA
P-body (Doma and Parker, 2006) NGD
Pseudo-knot G-quadruplex mRNA
(Chen et al., 2010)













(Doma and Parker, 2006; Tsuboi et al., 2012)( 1-2 1-3) in vitro
Dom34 (Lee et al., 
2007) in vivo dom34κ mRNA
in vivo Dom34 NGD
(Tsuboi et al., 2012) Dom34 in vitro
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(Shoemaker et al., 2010)
Dom34:Hbs1 in vivo mRNA
3’







(Saito et al., 2013) κ REMD (ribosome 
extension-mediated mRNA decay) 3’-UTR




(Sinturel et al., 2015) SERPING1
mRNA NGD
(Colobran et al., 2014) NGD
 
 
1-1-4. NRD (Nonfunctuonal Ribosomal RNA Decay) 
NRD mRNA RNA(rRNA) rRNA
κ rRNA
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(Cole et al., 2009; Lariviere et al., 2006) NRD
2 1) 60S 25S rRNA
(25S NRD) 2) 40S 18S rRNA (18S NRD)  
25S NRD (peptidyl transferase center; PTC)




60S (Fujii et al., 2009, 
2012)( 1-7) 25S rRNA
40S
 
18S NRD A (decoding site) 18S rRNA
18S NRD Dom34:Hbs1 Ski7 Exosome Xrn1
NGD-NSD ( 1-7)
18S NRD NGD RNA P-body rRNA
(Cole et al., 2009)  
rRNA
NRD NGD 18S 
NRD Dom34-Hbs1 NRD
NGD (van den 
Elzen et al., 2010)  
 
1-2. mRNA  
mRNA mRNA
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1-2-1. NMPD (Nonsense-mediated protein degradation) 
NMD PTC mRNA









Ubr1-Rad2 NMPD (Bartel et al., 1990; Verma et al., 2013)
Upf1 Hsp70 Sse1
(Kuroha et al., 2009, 2013)( 1-8)  
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(Ito-Harashima et al., 2007)
E3
Ltn1/Listerin 60S
(Bengtson and Joazeiro, 2010; Chu et al., 2009)
Ltn1 60S
Rqc1 Rqc2/Tae2
Ltn1-Rqc1-Rqc2 60S - RQC
(Brandman et al., 2012)( 1-9) RQC Ltn1 tRNA
AAA-ATPase
Cdc48-Npl4-Ufd1 60S
(Defenouillère et al., 2013; Matsuda et al., 2014; 
Verma et al., 2013)( 1-9) RQC mRNA
 
RQC E3 Ltn1 Rqc1
60S tRNA
Rqc2 mRNA C
(CAT-tail: C-terminal Alanine Threonine-tail) (Shen et al., 
2015) CAT-tail CAT-tail
Sis1 (Choe et al., 2016; 
Defenouillere et al., 2016; Yonashiro et al., 2016) Listerinκ










A N A mRNA
(Hilal et al., 
2016; Shao et al., 2016) mRNA
A Dom34/Pelota ORF
A mRNA Dom34/Pelota






(Dimitrova et al., 2009; Matsuda et al., 2014)  
 
1-3. ( ) 
1-3-2.  
( ) E. coli
SecM-SecA mRNA (Oliver et al., 
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166 Pro P Pro-tRNA
(Nakatogawa and Ito, 2001; 2002)  
SecM N C
( ) SecM 
mRNA ( )
““ SecM SecA “
( ) secA 
mRNA SD









(Kuroha et al., 2010)
(K12) (R12)
  2016  /  2017.1.12  
 
 24 








0.3% (TE) CGC TE 1 CGA
TE 0.00013 (Pechmann and Frydman, 2013)  
tRNA CGA tRNA
tRNAArg (UCG)  tRNAArg (ACG)  tRNAArg (ICG)





RpL1b (Letzring et al., 2013)
Asc1 Hel2 (Brandman et al., 2012; Saito 
et al., 2015)  
 













( ) - IRE1α
RNase XBP1u








1-4-1.   
2 3 Hel2 Ubc4














E2  (E3; )
E2 E3 E2
( ) E3 E2 (
1-10) (E4, E3 ) E3 E2
( ) E1 1 E2 11
E3 100 DUB 20
E1 1
E2 E3 Ubc4/Ubc5 RING-finger E3
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E2 Ubc13-Mms2 E2 K63
E3
E3 RING-finger HECT U-box RING-finger RING(really 
interesting new gene)-finger E2 E2
RING-finger
Cullin E3 RING-finger
2 IBR(in between RING) RBR E3
RING-finger E3 HECT E3 E2
HECT
U-box E3 RING-finger U-box
Rpn11






K6 K11 K27 K29 K33 K48
K63 M1 ( 1-10)
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(Ohtake et al., 2016) 65 (Ser65)
PINK1
Parkin




1-4-3. -  
K48
- (UPS: Ubiquitin-proteasome system) E3
K48- 26S 19S
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(Fujii et al., 





(Cebollero et al., 2012; Kraft et al., 2008) Hel2
40S Rps20 RQC


















Ribosome-associated quality control  
E3 Hel2  











" " 3 ( 1-12)
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(Pechmann and Frydman, 2013) codon optimality 
(optimal ) (non-optimal )
(
)
(Hunt et al., 2014; Sauna and Kimchi-Sarfaty, 2011; Tsai et al., 
2008) mRNA
(Gamble et al., 2016; Mishima and Tomari, 2016; Pechmann et al., 2014; 
Presnyak et al., 2015)  
A
mRNA
(Dimitrova et al., 2009; Kuroha et al., 2010)
Ribosome-associated quality control (RQC)
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2-1-3. Ribosome-associated quality control (RQC) 
mRNA A 3'
RQC
(Brandman and Hegde, 2016; Brandman et al., 2012)(
1-9) RQC
tRNA 60S (Brandman et 
al., 2012) 60S RQC Rqc1/TCF25 Rqc2/NEMF
E3 Ltn1/Listerin RQC Ltn1
RQC (Bengtson and Joazeiro, 
2010; Brandman and Hegde, 2016) AAA-ATPase
Cda48-Npl4-Ufd1 RQC 33
(Defenouillère et al., 2013; Verma et al., 2013) RQC
Ltn1 Rqc1 Rqc2
-
C-terminal Ala-Thr rail: CAT-tail (Shen et al., 2015) CAT-tail
Sis1
CAT-tail (Choe 
et al., 2016; Defenouillere et al., 2016; Yonashiro et al., 2016) Ltn1
Listerin κ Ltn1










(Chen et al., 2010; Tsuboi et al., 2012)
















(Gamble et al., 
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2016; Letzring et al., 2013; Wolf and Grayhack, 2015) CGA
RQC





(Chen et al., 2010; Doma and Parker, 2006; Tsuboi et al., 2012) RNA-RNA
(Sinturel et al., 2015)







(Simms et al., 2014) nonfunctional rRNA decay 
(NRD) rRNA
(Cole et al., 2009) RQC
 
 
2-1-4. nad2 HEL2/YDR266C   
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(nascent peptide-dependent translation arrest defective)
NAD1 40S ASC1
Asc1 R(CGN)12
RQC NGD (Brandman 





( ) ( 2-2) p416CYC1p-GFP-R12-FLAG-HIS3
pHEL2p-HEL2 (NAD2) nad2-1 hel2Δ
κ nad2-1
HEL2 NAD2
HEL2/YDR266C ( 2-2) 
Hel2 “ H3 H4
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(Singh et al., 2012) RING-finger E3
RING-finger E2 Ubc4 Ubc5
(Fleischer et al., 2006; Ho et al., 2002) Weissman
Asc1 R(CGN)12
RQC
(Brandman et al., 2012) Frydman mRNA






2-1-5. HEL2  
nad Dr. Weissman Hel2
(Brandman et al., 2012) Hel2 Asc1/RACK1
 
Hel2 mRNA
(Duttler et al., 2013) RQC










(Duttler et al., 2013) mRNA
(Saito et al., 2015)
RQC Hel2 Hel2 K63-
(Saito 

























 1. Hel2  




2-3-1. Hel2 R(CGN)12 RQC
 
nad nad2-1 DNA
nad2-1 HEL2 532 (
) ( 2-2)
κ nad2-1






GFP-R(CGN)12-FLAG-His3 (FL) α hel2Δ
(WT) R(CGN)12
( 2-3B) Hel2 “







E2 Ubc4 Ubc5 κ
ubc4Δ ubc5Δ
( 2-3B) ( )
Saccharomyces Genome Database 1
Ubc4 13,500 Ubc5 981 ubc5Δ
Ubc4
 
(WT) hel2Δ ubc4Δ R(CGN)12
Ltn1 RQC
α MG132
( AP: arrest 
product) hel2Δ ( 2-4A)
ubc4Δ
( 2-4A) hel2Δltn1Δubc4Δltn1Δ κ Ltn1
ltn1Δ





Ltn1  RQC Hel2 Ubc4/5







2-3-2. Hel2-Ubc4 RQC  
Hel2 E2 Ubc4 Ubc5
κ RQC hel2∆
ubc4∆ubc5∆ κ α Ubc4/5
-
(data not 
shown) Hel2 RQC Hel2
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(data not shown) Hel2 RING-finger
 
 





















α ( 2 3B) 3
mRNA No-go decay (NGD) Hel1 κ
“
“





Dr. Frydman mRNA 1-5%






























Rps7A (Panasenko and Collart, 2012) κ 25S rRNA




(Fujii et al., 2009, 2012)
Ubp3
(Kraft et al., 2008)  
Hel2
Hel2 FLAG
60S Rpl25 Hel2 Myc
Myc α
50kDa 38kDa 30kDa Hel2 α
( : 2-7A, B) 36kDa Hel2 Ubc4
LC-MS/MS
50kDa
40S Rps3 C 212
(K212) ( 2-7 B, C) 38kDa 30kDa
40S Rps20 N 8
(K8) ( 2-7 B,C) 6 (K6)
(data 
not shown) Hel2 36kDa
Not4 Rps7A Rps7A 76
(Panasenko and Collart, 2012)  
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2-3-5. Rps3 Rps20 α  











Rps3 Rps20 KR Hel2
rps3-K212R Hel2 Rps3 rps20-K6R/K8R Rps20
Rps3 ( 2 8A)  
rps3-K212R rps20-K6R/K8R LTN1
κ Rps3 Rps20 RQC
rps20-K6R/K8R Hel2
ltn1κ ( 2-8B)
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E3 Hel2 E2 Ubc4
E1( UBE1 )
ATP Hel2
HA Rps20 KR hel2 κ
RpL25-FLAG Ubc4
-
Hel2 Rps20 6 8
( 2-9) Hel2 Rps20
RQC  
 
2-3-7. Rps20  
Rps20 2
di-






Myc-Ub-K48R ± Rps20 (
2-10A) K48 K48-Ub
Rps20 di- Rps20
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Myc Hel2 in vivo
di-
Rps3 di- tri- Myc-Ub-K63R
( 2-10A)
E3










Rqt2 CUE Rqt3 C2HC5 zinc-ginger
Rqt4 (Rqt: ribosome-associated quality control trigger) Hel2 
(Rqt1) RQC
( 2-11A)  
RQT κ LTN1 κ
rqt2∆ hel2∆ (
2-11B) rqt3∆ ltn1∆ rqt4∆ ltn1∆ hel2∆ ltn1∆ ltn1∆




R(CGN)12 RNA ( 2-11C, D)
RQT RQC Hel2
 
RQT Rqt3 CUE Rps20
Rqt4 C2HC5 zinc-ginger
zinc-ginger







( 2-12A) Rqt2-3-4 Rps20
Rqt







2-3-9. Hel2  
Hel2 Rps20 RQC Hel2






1). Hel2  
2-5 Hel2
Hel2








2). Hel2  
Hel2
2
(non-rotated state) (rotated state)
Classical state E
cycloheximide
28-30-mer footprint rotated state
PTC PTC





footprint rotated state (Lareau et al., 2014) “
asc1∆ hel2∆ anisomycin hel2∆ rqt2∆
PTC deoxynivalenol (DON) trichothecin (TTC)
(Kugler et al., 2016; Saito et al., 2015)























) HIS3 (data 





CGA CGG optimal codon AGA
RQC
( 2-15A, B) K12





footprint (Gamble et al., 2016) footprint
CGA-CCG CGA-GCG CGA-CUG CGA-CGA
RQC GFP-(XXX-XXX)6-FLAG-HIS3
RQC
( 2-16B) hel2∆ hel2∆ltn1∆
RQC Hel2 ( 2-16C)
Hel2 rotated state
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rotated state Rps20 RQC
 
  




2-4-1. Hel2  
R(CGN)12
anisomycin Hel2 rotated state
Rps20 RQC
RQC








A (Dimitrova et al., 2009; 
Ito-Harashima et al., 2007) 2-15A K(AAA)12 K(AAG)12
Hel2 RQC
A
K12 (AAG AAA AAA AAA AAA AAG AAA AAA AAA AAG AAA AAA)
RQC footprint
(data not shown) K12 rotated state
K12 AAA




 ( 2-15A) K12 RQC
 
AAAAAAG ” ”









RQC Hel2 rotate state




mRNA No-go decay (NGD)
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2-4-2. Hel2  
 Roland Beckmann Thomas Becker
Christian Schmidt Hel2
77% rotated state in vitro
Hel2 rotated ribosome
(data not shown) rotated 












in vivo di- (
2-10A) in vitro Hel2 K63




















RQC Rqt3 Rqt2 Rqt4 Rps20
Rqt4
zinc-finger (ZnF) C2HC5 ZnF C2HC5
ZnF
(Hicke et al., 2005; Hurley et al., 2006)
rqt3∆rqt4∆ κ RQC Rqt4 ZnF
Rps20 (data not shown)  
 
2-4-4. RQC  
Hel2
ZNF598 ZNF598 RING-finger




Hel2 (Hel2 639 ZNF598
904 )( 2-17A) ZNF598 C2H2 zinc-finger 5
(Hel2 3 ) eIF4E eIF4Ebp2
GYF GIGYF2






























E3 Hel2  
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3-1-1. mRNA No-go decay 
No-go decay (NGD) RQC
mRNA RNA mRNA
 NGD ORF mRNA
(Doma and Parker, 2006)
mRNA 2
mRNA 3’ 5’ RNA (Exosome) 5’ 3’
RNA Xrn1 NGD
Pseudo-knot G-quadruplex mRNA
(Chen et al., 2010) A (Dimitrova et al., 2009; 
Kuroha et al., 2010)
mRNA (Sinturel et al., 2015)
mRNA (Simms et al., 
2014) NGD
(S2 )
mRNA mRNA (Passos et al., 2009)
tRNA NGD
(Ishimura et al., 2014)  
NGD 10
 




3-1-2. NGD Dom34-Hbs1  
eRF1-eRF3 Dom34-Hbs1
NGD (Doma and Parker, 2006)
NGD α Dom34-Hbs1
mRNA (Chen et al., 2010; Tsuboi et 
al., 2012) Dom34-Hbs1 mRNA
mRNA 3’
in vivo dom34∆ mRNA
3’ mRNA
mRNA Dead-end NGD( 4-1) (Ikeuchi 
and Inada, 2016; Tsuboi et al., 2012) NGD dom34∆ ski2κ
5’NGD ( mRNA)
5’NGD 3’ Dead-end NGD








Dom34 (Lee et al., 
2007) dom34 κ in vivo mRNA








18S rRNA “ Utp24
Utp23 UTP23 PINc
(Lu et al., 2013) NMD mRNA SMG6
PIN SMG5 PINd










RQC rotated ribosome Hel2 Rps20
NGD Hel2





κ 5’NGD (Kuroha et al., 
2010) NGD Hel2 RQC
Hel2 mRNA











( 3-1) Asc1/RACK1 RQT
α NGD α  
 
3-3.  
3-3-1. Hel2 Ubc4 NGD mRNA  




5’ α ski2∆ 3’ α xrn1∆
Ski2 Ski2-3-8-8 (Ski ) RNA
(Halbach et al., 2013) Ski Ski2
RNA Ski -exosome
Ski exosome
(Schmidt et al., 2016) ski2∆
exosome 5’  
ski2∆ R(CGN)12 5’NGD GFP
α
( 3-2B) xrn1∆ 3’NGD HIS3
α ( 3-2C) NGD Hel2
ski2∆hel2∆ κ







hel2∆ mRNA ( 3-2D)
hel2∆ R(CGN)12
4.9 0.4 hel2∆ 7.6 0.4
K(AAA)12 4.3 1.1
hel2∆ 11.2 2.9 R(CGN)12
Hel2 mRNA
mRNA  
Hel2 E3 E2 Ubc4 Hel2 E2
(Singh et al., 2012) Ubc4 Ubc4
Ubc5 NGD ski2∆ubc4∆
ski2∆ubc5∆ κ 5’NGD GFP
α ski2∆ubc4∆ κ





xrn1∆ubc4∆ κ 3’NGD ( 3-2F)
Hel2 Ubc4 NGD mRNA
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mRNA Rps20 N 6
8 (














Hel2 Rps20 Rps3 Rps3
RQC NGD Rps3





5’NGD ( 3-3D) Rps3 NGD
Hel2
(Duttler et al., 2013) NGD
(GFP(KR))
mRNA
( 3-3E) NGD Hel2
 
 
3-3-3. Rqt2 mRNA  



















E3 Hel1 RQC Ltn1
Ltn1 Not4 N
”N-end rule”


























Rqt2 Rps20 NGD mRNA
RQC (
) NGD  
 
3-3-5. Hel2  
NGD mRNA Hel2
mRNA hel2∆
rps20-K6R/K8R rqt2∆ Hel2 NGD
RQC mRNA
NGD Hel2
Hel2 E2 RING-finger 3
C2H2 zinc-finger (ZnF) C
C (316-639 )
Hel2
RQC NGD Rps20 ( 3-5A)  
RQC R(CGN)12
1-539 61-539
RQC ( 3-5B) RING-finger










61-539 Rps20  
NGD Hel2
Rps20 RQC 1-315
61 315 NGD ( 3-5E) 61-315
RING-finger 3 ZnF






Rps20 NGD  
 
3-3-6. Asc1  
Hel2 (NAD )




Asc1 Hel2 RQC NGD mRNA




hel2 κ 5’NGD ( 3-6A)
κ
κ asc1 hel2 Asc1 Hel2
( 3-6B)  
asc1κ Hel2 5
( 3-6C) asc1κ HEL2 mRNA
asc1κ








α in vivo Rps20 asc1
hel2 κ Rps20 ( 3-7A)
asc1 κ in vitro Asc1












3-3-7. Hel2 Dead-end NGD mRNA  





Dead-end NGD ( 4-1) Dead-end NGD RNA
4 Asc1
(Ikeuchi and Inada, 2016) Dead-end NGD mRNA
Hel2 hel2(rqt1)κ
mRNA ( 3-8 A-B)
mRNA 5’
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( 3-8D ) hel2κ asc1κ
Asc1 Hel2 Dead-end NGD mRNA
 
 







mRNA PGK1 mRNA PGK1 
mRNA 925 nt 1,000 nt 2 UGG
κ 2
mRNA ( 3-9 A)





( 3-9 B) κ RQC
ltn1κ α
( 3-9 C) κ Hel2 mRNA
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K(AAA)12 R4(CGG CGA CGA CGG) G-quadruplex
mRNA Hel2
( 3-10 A-B)  
 
3-3-9. Hel2:Ubc4 NSD NMD  
Hel2 NGD RQC
NGD mRNA mRNA








NSD Dom34-Hbs1 Ski2 NSD
κ mRNA (van Hoof et al., 
2002; Tsuboi et al., 2012)  
Hel2 Ubc4 NSD α 2
mRNA ( 3-11 A-B) HIS3 mRNA
κ A mRNA HIS3-NS GFP
(Rz)
A mRNA GFP-Rz mRNA 2
hel2κ ubc4κ
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mRNA ( 3-11 A-B) asc1(rack1)Δ
Hel2 Ubc4 NSD  
NMD α NMD




NMD Upf1 (NAM7/UPF1) κ
NMD κ mRNA (Kuroha et al., 2009)
NMD Hel2 α (WT) upf1
κ asc1(rack1)κ hel2κ ubc4κ NMD mRNA
NMD mRNA HIS3 mRNA
100 HIS3-PTC mRNA ( 3-11C)
asc1κ hel2κ ubc4κ HIS3-PTC mRNA





3-3-12. Dom34  
Dom34-Hbs1 NGD mRNA
Dom34-Hbs1 NSD
(Tsuboi et al., 2012) Dom34
RQC NGD




RQC ( 3-12A) NGD 5’NGD




Hel2 2  
  








RQC Rqt3-Rqt4 Rqt RQC





























3-4-2. Hel2  































eIF4B (Kouba et al., 2012; Walker et al., 2013)
asc1 κ
CGA
(Wolf and Grayhack, 2015) asc1κ
κ Hel2
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“ asc1 κ NGD Asc1
Hel2  
 




mRNA NGD (Colobran et 
al., 2014) hel2κ mRNA
mRNA mRNA



























  2016  /  2017.1.12  
 
 88 














4-1-1. RACK1 (Receptor for activated C kinase 1) 
RACK1  
Saccharomyces cerevisiae Asc1
 Schizosaccharomyces pombe RACK1 Cpc2
RACK1(Asc1) RACK1
 
RACK1 (Receptor for Activated C Kinase 1) - (WD)
N GH C WD WD40
7 β X
(Coyle et al., 2009; Sengupta et 
al., 2004)  







(Pashkova et al., 2010) WD40 G
β CDC4 (Fong et al., 1986)
RACK1 Gβ  
RACK1 1 PKC(Protein Kinase C : C Kinase)
PKC
(Ceci et al., 2003) Src
Src (Chang et 
al., 2002; Chen et al., 2008)  
RACK1




(Jannot et al., 2011; Speth et al., 2013) RACK1
Dicer KSRP RACK1
miRNA miRNA
(Otsuka et al., 2011; Speth and Laubinger, 2014)
40S
RACK1 (Kuroha et al., 2010)  
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4-1-2. RACK1  
RACK1
RACK1 40S
1:1 (Gerbasi et al., 2004; Link et al., 
1999) RACK1 40S
(Sengupta et 
al., 2004) RACK1 40S mRNA
18S RNA(rRNA) 39 40
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4-1-3. RACK1  
RACK1
PKC PKC (eIF) 1
eIF6 (Ceci et al., 2003) eIF6 60S
40S 40S
eIF6 PKC
60S 40S 60S 80S




in vivo eIF4E RACK1 PKC




) (Stress Granules : SGs)
SGs
(misfolded proteins)
SGs RNA TIA-1 TIAR Ras-GAP SH3
G3BP eIF2α
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1 RACK1 40S SGs MTK1
2 (X
MMS ) SGs RACK1
MTK1 MTK1-SAPK
1 2 SGs RACK1
(Arimoto et al., 2008)  
 
4-1-4. RACK1  
 RACK1 4-1-1 RACK1 Gβ
WD40 1
3 4 (loop) 6 7 (knob)
(Taylor et al., 2009) Gβ
 
RACK1 18S rRNA h39-h40 Rps3 Rps16 Rps17
18S rRNA
RACK1 (R38, K40, K62, K87, R90, R102)
R38D K40E RACK1 
R38D K40E DE mutant RACK1
PCR DE mutant
D109Y (Kuroha et al., 2010) D109
RACK1(D108) Rps17 R33
(Ikeuchi and Inada, 2016) RACK1
DCV (Drosophila C virus) CrPV (Cricket Paralysis Virus) IRES 
(Internal Ribosome Entry Site)




D108Y (Majzoub et al., 2014)
Asc1/RACK1
Asc1 D109Y Asc1 M1X null
Asc1 ORF mRNA
(Thompson et al., 2016)  
 




miRNA Argonaut Ago2 miRNA
TNRC6/GW182 miRNA (miRISC)
mRNA RACK1 Ago2 let-7 lin-4
mRNA
RACK1 let-7 lin-4 mRNA
(Gandin et al., 2013; Jannot et al., 2011)  
RACK1 miRNA
(Speth et al., 2013) miRNA
RACK1 (Otsuka et al., 2011)
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4-1-6. Dom34/Pelota-Hbs1  
Dom34:Hbs1 NGD NSD
mRNA 3’
in vitro in vivo
mRNA 3’
(Tsuboi et al., 2012)  
dom34Δ mRNA 3’
NGD mRNA
 ( 4-1) dom34Δ mRNA
mRNA 25-30nt
3’ mRNA (Dead-end 
ribosome induced sequencial mRNA cleavage; Dead-end NGD) ski2Δdom34Δ




5’NGD ( 3-12B)  
 
4-1-7. Pelota-Hbs1L-ABCE1  
Dom34-Hbs1 κ
Rli1
in vivo Rli1 N FeS
Mid~C 2 ATPase
Pelota
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(Barthelme and Sauer, 2012; Pisarev et al., 2007, 2010; Pisareva et al., 2011)
Dom34:Hbs1 Rli1 Pelota
Hbs1L ABCE1 in vivo
(sc)Dom34 hHbs1L hPelota Hbs1
Pelota Hbs1L
ABCE1 (Ikeuchi et al., 2016)  
 
  











4-3-1. dom34Δ Dead-End 
mRNA (Dead-End NGD) Asc1/RACK1  
mRNA Asc1/RACK1
















GFP-Rz mRNA mRNA A








GFP 3’ DIG (GFP G3)
( 4-2) dom34κ GFP-Rz 
mRNA RNA (fragments) ( 4-2 A ) dom34κ
GFP-Rz mRNA 3’ Dead-end 
NGD (Tsuboi et al., 2012) mRNA
Dead-end NGD
α dom34κ asc1κ Dead-end 
NGD RNA α Dead-end NGD RNA
TBE-urea PAGE
dom34 κ asc1 κ (
4-2B) 1) Asc1 dom34κ
2) Dead-end NGD mRNA
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( 4-2 C) Xrn1 5’
3’ dom34Δ
4.1 0.3 asc1Δdom34Δ 7.0 1.2
Xrn1 5’ ski2Δdom34Δ
5.0 0.7 asc1Δski2Δdom34Δ
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CBB ( 4-3 A)
tRNA
(GFP-Rz-tRNA) α GFP-Rz mRNA
( 4-3 B) RNA TBE-urea PAGE
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4-3-3. Asc1/RACK1 40S Dead-end 
NGD  
Asc1 40S Rps3 Rps16 Rps17 18S 
rRNA h39-h40




α ( 4-4 A)  
Asc1
Asc1




85WDK87 ( 4-4 B)
Asc1





18S rRNA h39 h40
D109Y D109 Rps17 
R33 κ




Dead-end NGD mRNA Asc1
 
 
4-3-4. ski2Δdom34Δrack1Δ tRNA GFP-Rz
 





ski2Δdom34Δ ski2Δdom34Δasc1Δ tRNA mRNA
( 4-5A) ski2Δdom34Δasc1Δ
GFP-Rz












( 4-5 C) p416GPDp-GFP-Rz
ski2Δdom34Δasc1Δ 30 , SC+Galactose-Ura

















(Ishimura et al., 2014)  
 







(Bengtson and Joazeiro, 2010; Brandman et al., 2012; Matsuda et al., 
2014) dom34κ ltn1κ
dom34 ltn1κ




( 4-6 A-B) mRNA 




4-3-6. Pelota-Hbs1L hABCE1  
Dom34-Hbs1







xrn1∆dom34∆hbs1∆ Dom34 GFP-Rz 
mRNA 3’ mRNA
Xrn1 κ 5’ mRNA
(32 4-7 A) xrn1∆dom34∆hbs1∆
Dom34 GFP-Rz mRNA 10.2 1.6
Hbs1 (32





xrn1∆dom34∆hbs1∆ Pelota GFP-Rz mRNA
8.8 3.4 ( 4-7 B) Pelota Hbs1L
Pelota ( 11.5 0.6 )
ABCE1 ( 8.8
5.1 ) Hbs1L ABCE1
( 4-7 C)









rli1κ (data not shown) Rli1 ABCE1
Dom34 eRF1 ABCE1 rli1κ
 
Pelota
Pelota GFP-Rz tRNA α
Pelota GFP-Rz tRNA α ( 4-8 A)
Pelota (K2A R45A)






4-8B) GFP-Rz tRNA α
Pelota tRNA R45A
tRNA ( 4-8C) Pelota
R45A















4-4-1. Dead-end NGD Hel2 RACK1  
3 Hel2 Dead-end NGD
Hel2 Asc1 Dead-end NGD
hel2 κ α
Dead-end NGD Hel2 (  
3-8B) NGD Hel2
Asc1 asc1κ α ( 3-6A)
NGD Asc1 Hel2 NGD
NGD Dead-end NGD
Asc1 Hel2
κ Dead-end NGD Hel2
 
 








H16, R38, K40, K87
R38, K40




RACK1 rpS3, rpS16, rpS17
(Ben-Shem et al., 2011; Rabl et al., 2011)
(tt)RACK1 (PDB: 2XZN) Asc1 K40 ttRACK1 K49 18S 
rRNA ASC1 R38 ttRACK1 
R47 rpS17 D27
ASC1 W85, 
W150 ttRACK1 rpS17 F30
RACK1 rpS17 N rpS16
RACK1 D109 rpS16 R33 (Ikeuchi and Inada, 2016)




rpS3 Dom34 rpS3 mRNA
(Rabl et al., 2011) rpS3 E. coli DNA III
(Seong et al., 2012) NGD
 
RACK1
K87, R90, R127, K129, K176, D109Y, K216, K283, R311 (Sengupta et al., 
2004) 7 K283 R311 knob
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4-4-3. NGD: Dead-End NGD Asc1/RACK1  
dom34κ mRNA 3’
NGD (Dead-End NGD)
(Tsuboi et al., 2012) dom34κ Dead-End NGD mRNA






tRNA α ski2Δdom34Δrack1Δ ski2Δdom34Δ
tRNA ( 4-5A) 2
1 RACK1 mRNA mRNA
α SKI2




















(Hilal et al., 2016; Shao et al., 2016) A





mRNA density  
Hbs1L Pelota
Hbs1
1). Pelota 2). 
eRF3 eEF1A Ski7 GTPase















































i. YPD : 1% w/v yeast extract, 2% w/v polypeptone, 2% w/v glucose 
ii. SDC : yeast nitrogen base without amino acids 6.7g/L,  1.3g/L, 
2% w/v glucose 
iii. GAL1 SC : yeast nitrogen base without amino acids 6.7g/L, 
 1.3g/L, 2% w/v galactose 
iv. SC : yeast nitrogen base without amino acids 6.7g/L, 
 1.3g/L, 2% w/v raffinose 





G418: 200µg/mL hygromycin: 300µg/mL clonNAT: 100µg/mL 5-FOA: 500µg/mL 
 




cycloheximide: 10ng/mL anisomycin: 10µg/mL 
 







LB : 0.5% w/v yeast extract, 1% w/v tryptone, 1% w/v NaCl, pH7.2 7.5 
2% w/v agar  
 
ampicillin: 50µg/mL kanamycin: 20µg/mL chloramphenicol: 35µg/mL 
 
5-3-2. κ  
Baudin PCR κ κ
(Baudin et al. 1993) 5’
3’ 40 MX4 MX6 NT2 (S2 F2 (Janke 
et al., 2004)) (kanR, 
hph, natR) (HIS3 TRP1) PCR
PCR
RNA κ















5-3-3. RNA  
SDC 30℃ OD600=0.6
10mL (3,500rpm, 2min., RT) RNA buffer 300μL
RNA 300μL Vortex 65℃ 5
5 (13,000rpm, 5min., RT)
1.5mL RNA 300μL Vortex
65℃ 5 5
(13,000rpm, 5min., RT) 1.5mL
300μL Vortex
(13,000rpm, 5min., RT) 1.5mL
PCI 25: 24: 1
300μL Vortex (13,000rpm, 5min., 





24: 1 300μL Vortex




SDC 1.5mL RNA buffer 200μL
RNA 200μL Vortex 65℃
5 5 (13,000rpm, 5min., RT)
1.5mL PCI
25: 24: 1 200μL Vortex
(13,000rpm, 5min., RT) 1.5mL
RNA DEPC 30μL
RNA  
RNA buffer: 20mM Tris pH9.5, 30mM NaCl, 10mM EDTA, 1% SDS 
 
5-3-4. Northern blotting 
5-2-4-1. Northern blotting 
RNA nanodrop RNA RNA 2μg/6μL
RNA6µL RNA sample buffer 27μL 74℃ 10min
1.2% 1x MOPS 1x 
MOPS buffer (200V, 40 min.) 20×SSC
RNA Amersham HybondTM-N+ (GE 
Healthcare) UV RNA
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DIG Easy Hyb Granules (Roche) ± 50 1
Digoxigenin(DIG)-11-dUTP ± 50
± wash buffer 1 (50 , 
15min.), wash buffer 2 (50 , 15min., 2 )
1x Blocking Reagent 30 DIG-AP
(60min.) wash buffer 3 (10min., 3 )
wash buffer 4 pH9.5 (10min.) α CDP-Star
LAS-3000 mini (FUJIFILM) LAS-4000 mini (GE Healthcare)
α  
RNA sample buffer: 60% DMSO, 20% glyoxal, 5mM NaOAc, 1mM EDTA, 20mM MOPS, 
5% glycerol, 0.1mg/ml Bromophenol Blue, 0.1mg/ml xylene cyanol 
10×MOPS buffer(pH7.0): 0.2M MOPS, 50mM NaOAc, 10mM EDTA 
20×SSC: 3M Nacl, 0.3M sodium citrate 
wash buffer 1: 2×SSC, 0.1% SDS 
wash buffer 2: 0.1×SSC, 0.1% SDS 
wash buffer 3: 0.1M maleic acid, 0.3% Tween-20 
wash buffer 4: 0.1M Tris-HCl pH9.5, 0.1M NaCl 
Anti-digoxigenin-AP: Roche 
DIG-DNA labeling Kit: Roche 
CDP-Star detection kit: Amersham (GE Healthcare) 
 
5-2-4-2. Northern blotting 
RNA  2μg/6μL RNA6µL 2x TBE-Urea sample buffer 6μL
70℃ 3 6% 
TBE-urea 1x TBE buffer (180V, 40 min.)
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0.5x TBE buffer RNA




2x TBE-Urea sample buffer: Novex®, in vitrogen 




10mL (3500rpm, 2min., RT) TCA buffer 500μL
20% TCA 500μL 0.5mm Zircunia/Silica Beads 500μL 1.5mL
(30sec., 3 ) 1.5mL
TCA buffer 500μL
(30sec., 1 ) (13000rpm, 
10min., 4℃) SDS Sample buffer 150μL
95℃ 10 (13000rpm, 10min., RT)
 
TCA buffer: 20mM Tris-HCl(pH6.8), 50mM NH4OAC, 200mM EDTA, 1mM pmsf 
SDS Sample buffer: 7% SDS, 30% glycerol, 200mM Tris base, 20mM EDTA, 1M DTT, 
0.1% Bromophenol Blue 
 
5-3-6. Western blotting 
TCA 5-10μL SDS-PAGE
Nu-PAGE Cathode buffer PVDF




Anode buffer 1 2 Anode buffer 2 1
Anode buffer 2 PVDF Cathode buffer
Cathode buffer 2
( (cm2)x3 mA,  30min.) 5% PBS/0.1% Tween-20
PBS/0.1% 
Tween-20 (10min., 3 )
ImmunoStar-LD® (Wako) α LAS-3000 mini (FUJIFILM)
LAS-4000 mini (GE Healthcare) α  
Anode buffer 1: 20% methanol, 300mM Tris-HCl(pH10.4) 
Anode buffer 2: 20% methanol, 25mM Tris-HCl(pH10.4) 
Cathode buffer: 0.04M Glycine, 20% methanol, 25mM Tris-HCl(ph9.4) 
PVDF membrane: Immobilon®-P (Millipore) 
FLAG : FLAG (M2) mouse monoclonal antibody (Sigma) 
HA : HA (3F10) rat monoclonal antibody, HRP-conjugated (Roche) 
Myc : rabbit polyclonal antibody (Sigma) 
GFP  : GFP (B-2) mouse monoclonal antibody (Santa Cruz) 
Ub : Ub (P4D1) mouse monoclonal antibody (Santa Cruz) 
Ub-K48 : Ub-K48 (D9D5) rabbit monoclonal antibody (Cell Signaling) 
eEF1	 : rabbit polyclonal antibody (Lab stock) 
eEF2 : rabbit polyclonal antibody (Lab stock) 
RpL23 : rabbit polyclonal antibody (Abcam) 
Asc1 : rabbit polyclonal antibody (Lab stock) 
mouse : anti-mouse IgG horseradish peroxidase linked-whole antibody (from sheep) 
(GE Healthcare) 
  2016  /  2017.1.12  
 
 122 
rabbit : anti rabbit IgG horseradish peroxidase linked-whole antibody (from donkey) 
(GE Healthcare) 
PBS/0.1% Tween-20: 10mM Na2HPO4/NaH2PO4(pH7.5), 0.9% NaCl, 0.1% Tween-20 
ImmunoStar-LD (Wako) 
5-3-7.  
30℃ OD600=0.8 l (3500rpm×5min 
RT) 0.1mg/mL 
cycloheximide 5
lysis buffer (3mL/1L cel)l (3500rpm, 
2min., 4℃) (15,000rpm, 15min., 4℃)
(RNA 2-2.5mg )
Gradient master (BIO COMP) 10-50%
10-50% (27000rpm, 3h, 4℃) BIO-MINI UV 
MONITOR(ATTO) A260 Position Gradient Fractionator(TOWA LABO, 
BIO-COMP)
2x SDS Sample buffer 95℃ 10
(13000rpm 10min RT)
RNA
tRNA 50 4x SDS sample 
buffer pH6.8 30 Nu-PAGE
 
lysis buffer: 20mM HEPES(pH7.4), 2mM Mg(OAc)2, 100mM KOAc, 0.5 mM DTT, 1mM 
PMSF, cOmplete mini EDTA-free 1tablet/10 ml 
10% sucrose solution: 10% sucrose, 10mM Tris, 70mM NH4OAc, 4mM Mg(OAc)2 
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50% sucrose solution: 50% sucrose, 10mM Tris, 70mM NH4OAc, 4mM Mg(OAc)2 
 
5-3-8.  
2mL SC –Ura +Raffinose 30 2
(OD600 ) OD600=0.3
10 4 4uL SC –Ura +Galactose
SC –Ura +Glucose 30  
 
5-3-8.  
FLAG ( Hel2-FLAG ) 
YPD SDC 30℃ OD600=0.7-0.8 200mL
(6,000rpm×5min RT) 
IXA-150 buffer 600µL
(21,500 xg ×30min 4℃) (
) IXA-150 buffer anti-DYKDDDDK tag resin (Wako) 
50μL (1hr, 4℃) IXA-150 buffer 5
0.25mg/ml FLAG peptide IXA-150 buffer (30min, 
4℃)  
lysis buffer: 20mM HEPES(pH7.4), 2mM Mg(OAc)2, 100mM KOAc, 1mM DTT, 1mM 
PMSF, Complete mini EDTA-free (Roche) 1tablet/10 ml 
IXA-150 buffer: 50mM Tris-HCl pH7.5, 150mM KCl, 12mM Mg(OAc)2, 1mM DTT, 1mM 
PMSF  
 
Split-tag purification (STP)  
SDC 30℃ OD600=0.7-0.8 1L




lysis buffer (+cOmplete mini EDTA-free) 10mL
(40,000 xg ×30min 4℃) 
( ) lysis buffer IgG-conjugated dynabeads 
M-270 epoxy (invitogen) 50μL (1hr, 4℃)
lysis buffer 3 His-TEV protease (2hr, 4℃)
lysis buffer anti-DYKDDDDK tag resin (Wako) 50μL 
(1hr, 4℃) lysis buffer 3 0.25mg/ml 
FLAG peptide lysis buffer (30min, 4℃)  
lysis buffer: 20mM HEPES(pH7.4), 10mM MgCl2, 100mM KOAc, 0.0075%v/v NP-40, 
1mM DTT, 1mM PMSF, (option: cOmplete mini EDTA-free (Roche) 1 tablet/10 ml) 
 
5-3-9.  
Total RNA 5 IRDye-700
SuperScript-III (Invitrogen)
DNA ± Thermo 
SequenaseTM cycle sequencing kit ±
5% TBE-Urea PAGE (1,000V, 3hr)
IRDye-700 FLA-9000 (Fujifilm) α
 
 HIS3 bottom 1 primer (5’-TATCGCTAGGGGACCACCCTTTA-3’) 
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RPS20-3HA, hel2∆asc1∆ FLAG E3
Hel2 Hel2-FLAG “ FLAG
E2 Ubc4 pGEX-6P-UBC4 BL21(DE3)
Glutathion Sepharose 4BTM (GE Healthcare)
PreScission Protease (GE Healthcare) GST Glutathion 
Sepharose 4BTM (GE Healthcare) GST Ubc4 E1
UBE1 (UBPBio)
( N His ) K63R (UBPBio)
(20mM HEPES-KOH pH7.4, 100mM KOAc, 10mM MgCl2, 1mM DTT)
50µM 100nM UBE1 300nM Ubc4 100nM Hel2-FLAG 500nM 
1mM ATP 10mM 20µg/mL 
26 15-30 4x SDS
HA
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Dom34-Hbs1 plays crucial roles in Nonstop Decay (NSD) and No-Go Decay
(NGD). Here, we report a conserved function of human Pelota (hPelota) in
mRNA quality control of nonstop mRNA. hPelota facilitated the expression
of the nonstop products from GFP-Rz mRNA, which lacks a termination
codon and a poly(A) tail, in exosome-defective mutant cells. hPelota pro-
moted the dissociation of stalled ribosomes at the 30 end of GFP-Rz mRNA,
and mutations in domain A diminished this activity. The hPelota-R45A
mutant associated with ribosomes but was defective in peptide release.
Finally, hPelota promoted the degradation of GFP-Rz mRNA and suppressed
the sequential endonucleolytic cleavages caused by stalled ribosomes at the 30
end of mRNA in dom34∆ mutant cells.
Keywords: mRNA quality control; nonstop decay; Pelota; stalled
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Quality controls of aberrant mRNA repress translation
and promote protein degradation as well as mRNA
degradation to prevent the production of potentially
harmful protein products [1–8]. Nonstop Decay (NSD)
recognizes stalled ribosomes at the 30 end of mRNA,
and eliminates aberrant mRNA lacking a termination
codon by stimulating exosome-dependent 30-to-50
degradation [9,10]. No-Go Decay (NGD) of mRNA is
triggered by blockage of translation during the elonga-
tion step. NGD induces endonucleolytic cleavage in
the vicinity of the stalled site [11]. This results in the
production of two mRNA fragments, 50-NGD and 30-
NGD intermediates, which are further degraded by the
exosome and Xrn1 exoribonuclease, respectively [11].
The 50-NGD intermediate is nonstop mRNA, and
ribosomes translating a 50-NGD intermediate may be
stalled at the 30 end. The stalled ribosome must then
be dissociated for rapid degradation by the exosome.
The Dom34-Hbs1 complex promotes subunit disso-
ciation of stalled ribosomes and peptidyl-tRNA drop-
off [12,13]. The Dom34-Hbs1 complex dissociates
ribosomes stalled at the 30 end of a 50-NGD intermedi-
ate and then stimulates degradation of the 50-NGD
intermediate by the exosome in vivo. Dom34-Hbs1 also
facilitates the degradation of nonstop mRNA from
their 30 ends by exosome [14,15]. These findings indi-
cate that Dom34-Hbs1 plays crucial roles in both
NGD and NSD [14,16–18]. Dom34-Hbs1 also medi-
ates dissociation of inactive 80S ribosomes that pro-
mote the restart of translation after stress [19].
Human Pelota (hPelota) is a homolog of yeast
Dom34, and induces the dissociation of the translation
elongation complex in an in vitro-reconstituted transla-
tion system, but only in the presence of the ATPase
ABCE1 [20,21]. Recent studies showed that homologs
of Dom34 facilitate the decay of nonstop mRNA in
higher eukaryotes, including mammals [15]. In Droso-
phila cells, DmPelota acts in concert with ABCE1 to
facilitate the production of nonstop products derived
from GFP-Rz mRNA [22]. However, there is no
in vivo evidence to show that homologs of Dom34
facilitate the subunit dissociation of ribosomes stalled
Abbreviations
hPelota, human Pelota; NGD, no-go decay; NSD, nonstop decay; RQC, ribosome quality control.
3254 FEBS Letters 590 (2016) 3254–3263 ª 2016 Federation of European Biochemical Societies
at the 30 end of nonstop mRNA in higher eukaryotic
cells.
Ribosome profiling demonstrated crucial roles for
Dom34-Hbs1 and Rli1 in ribosome recycling when 30-
UTRs are translated [23,24]. In dom34 mutant cells,
ribosome occupancy of the 30-UTR increases dramati-
cally upon reduction of Rli1 levels, and unrecycled
ribosomes bind to the 30-UTR of mRNA and reinitiate
translation without a canonical start codon to produce
small peptide products [23,24]. After Rli1 levels
decrease, 80S ribosomes accumulate at both the stop
codons and the adjoining 30-UTRs of most mRNA
[24]. These findings indicate that Dom34-Hbs1 and
Rli1 are crucial for the rescue of ribosomes from the
30-UTR of mRNA, and that they control the balance
between synthesis and degradation. It is still unknown
whether the function of Dom34 in ribosome recycling
in 30-UTRs is conserved in higher eukaryotes.
Nonstop proteins are targeted for proteasomal
degradation [25,26]. The yeast E3 ubiquitin ligase Ltn1
(Listerin in mammals) is associated with the 60S sub-
unit and ubiquitinates peptidyl-tRNA, leading to the
proteasomal degradation of nonstop products [27].
Recent studies focused on quality control of nonstop
proteins revealed that the Ribosome Quality Control
(RQC) complex promotes the ubiquitination and
degradation of stalled nascent peptides in the 60S sub-
unit [28,29]. Pelota-hHBS1 binds to the A-site of the
stalled ribosomes and splits it into subunits. Listerin
ubiquitinates the nascent polypeptide on the 60S sub-
unit [28,29], and the AAA ATPase Cdc48, together
with its cofactors, extracts the ubiquitinated peptidyl-
tRNA for proteasomal degradation [28,29]. Defective
Listerin in mouse neurons induces cell death [30], indi-
cating that the degradation of arrest products plays a
crucial role in ensuring the viability of neurons. Recent
studies clearly showed that, during the reduction of
ubiquitination or extraction of nascent chains, a car-
boxy-terminal alanine and threonine-containing exten-
sion (CAT-tail) is formed in an Rqc2-dependent
manner [31]. The CAT-tail mediates protein aggrega-
tion, which causes proteotoxicity and induces a stress
response. Taken together, these studies clearly suggest
that the quality control systems for translation arrest
play crucial roles in neurons, and probably in other
cell types as well.
Here, we describe the conserved functions of hPe-
lota in mRNA quality control induced by translation
arrest in yeast. hPelota facilitated the expression of
nonstop products from GFP-Rz mRNA by facilitat-
ing subunit dissociation of ribosomes that stall at the
30 end of GFP-Rz mRNA. Mutations in domain A
of hPelota resulted in defective dissociation of stalled
ribosomes. The hPelota-R45A protein still associated
with ribosomes with peptidyl-tRNA at the P-site,
indicating that the R45A mutant is able to stably
associate with the A-site but is defective in the disso-
ciation of stalled ribosomes. hPelota promoted the
degradation of GFP-Rz mRNA in the dom34∆
mutant and suppressed the sequential endonucleolytic
cleavages caused by stalled ribosomes at the 30 end
of mRNA in the dom34∆ mutant. These findings
indicate that hPelota compensated for Dom34 func-
tions in quality control of nonstop mRNA in yeast,
suggesting that the roles of Dom34/hPelota in
mRNA quality control by translation arrest are
conserved.
Materials and methods
Strains and other methods
The strains and plasmids used in this study are listed in
Table S1. Northern and western blot analyses were per-
formed as described previously [25]. hPELO and hHBS1
were cloned by RT-PCR using total RNA from HEK293T
cells. Drosophila melanogaster PELO was cloned by RT-
PCR using total RNA from S2 cells.
Yeast extract and sucrose gradient separation
Yeast cells were grown exponentially at 30 °C and har-
vested by centrifugation. Cell extracts were prepared as
described previously [25]. The equivalent of 50 A260 units
were layered onto linear 10–50% sucrose density gradients.
Sucrose gradients (10–50% sucrose in 10 mM Tris-acetate
pH 7.4, 70 mM ammonium acetate, and 4 mM magnesium
acetate) were prepared in polyallomer tubes (Beckman
Coulter, Brea, CA, USA) using a Gradient Master. Crude
extracts were layered on top of the sucrose gradients and
centrifuged at 150 000 9 g in a P28S rotor (Hitachi Koki
Co., Ltd., Tokyo, Japan) for 3 h at 4 °C. Gradients were
then fractionated (TOWA laboratory, Tsukuba, Japan).
Polysome profiles were generated by continuous measure-
ment of absorbance at 254 nm using a single path UV-1
optical unit (AC-5200, ATTO Corporation, Tokyo, Japan)
connected to a chart recorder (ATTO Corporation). Equal
volume fractions were collected and processed for Northern
or western blotting as described above.
Northern blotting using polyacrylamide gel
Total RNA was resolved by electrophoresis on 6% TBE-
Urea polyacrylamide gels (Invitrogen, Carlsbad, CA,
USA), and then blotted onto Zeta-Probe GT Genomic
Tested Blotting Membranes (Bio-Rad, Hercules, CA, USA)
using a Trans-Blot SD Semi-Dry Transfer Cell.
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Determination of mRNA stability
Yeast cells were grown in minimal medium (SC medium)
containing 2% galactose. Cells were grown to
OD600 = 0.6, harvested, and resuspended in medium con-
taining 2% glucose to inhibit transcription from the GAL1
promoter. At the indicated times, the cells were harvested
to prepare RNA samples using hot phenol. mRNA levels
of reporter genes were determined by Northern blotting
using digoxigenin (DIG)-labeled probes prepared by PCR-
based nucleic acid labeling using commercial kits and the
primers 50-GCTCTAGAATGAGTAAAGGAGAAGAACT
TTTCAC-30 and 50-GGACTAGTTTTGTATAGTTCATC
CATGCCA-30. The GFP G3 probe is a 50 end DIG-labeled
oligonucleotide with the sequence 50-TTTGTATAGTTC
ATCCATGCCATGTGTAATCCCAGCAGCAGTTACAA
ACTCAAGAAGGACC-30. The intensity of the bands on
the blots was quantified on an ImageQuant LAS4000 mini
(GE Healthcare, Little Chalfont, UK). Relative product
levels were determined by comparison to a standard curve
using a series of dilutions of samples from time 0 (just before
the addition of glucose). The intensities of the bands from
the diluted samples were compared to a standard curve, and
the mRNA levels relative to control were determined.
Detection of peptidyl-tRNA
Cell extracts or polysome fractions were analyzed by
PAGE at neutral pH (neutral-PAGE), followed by western
blotting with anti-GFP antibodies. To destroy the RNA
moiety of peptidyl-tRNA, RNase A was added to the sam-
ples at a final concentration of 10 mg!L"1 and the samples
were incubated at 37 °C for 10 min.
Results
hPelota facilitates the subunit dissociation of
stalled ribosomes
We reported previously that the yeast Dom34-Hbs1
complex facilitates the dissociation of ribosomes
stalled at the 30 ends of nonstop mRNAs in vivo [14].
In this study, we investigated whether hPelota could
play a role in the dissociation of stalled ribosomes in
yeast. GFP-Rz mRNA, which lacks a poly(A) tail and
a termination codon, is produced from GFP-Rz-
FLAG-HIS3 mRNA by the self-cleavage activity of
the hammerhead ribozyme (Rz). We expressed various
levels of hPelota in ski2∆dom34∆hbs1∆ cells under the
control of different promoters and compared the levels
of peptidyl-tRNA derived from GFP-Rz mRNA. The
GPD (glyceraldehyde-3-phosphate dehydrogenase) pro-
moter was the strongest of the promoters used for
expression (Fig. 1B), whereas the CYC1 promoter
(Cytochrome c, isoform 1) was the weakest. Dom34
facilitates the dissociation of stalled ribosomes in con-
cert with ABCE1. The subunit dissociation by Dom34-
Hbs1 allows the peptidyl tRNA to become accessible
to peptidyl tRNA hydrolases after it facilitates ribo-
some recycling and it is the hydrolases that separate
the peptide and the tRNA. The peptidyl-tRNA pro-
duced from GFP-Rz mRNA could be detected in cell
extracts of ski2∆dom34∆hbs1∆ mutants (Fig. 1B, lane
9). The levels of peptidyl-tRNA produced from GFP-
Rz mRNA were relative to the expression levels of
hPelota protein (Fig. 1B, lanes 5–8). To confirm the
activity of hPelota in the subunit dissociation of stalled
ribosomes leading to release of the peptide from pep-
tidyl-tRNA, we detected peptidyl-tRNA from GFP-Rz
by neutral-PAGE followed by western blotting. The
peptidyl-tRNA produced from GFP-Rz could be
detected in the monosome and polysome fractions of
ski2∆dom34∆hbs1∆ mutant cells harboring pCYC1p-
hPELO (Fig. 1C, top panel), but not in the extracts of
cells expressing hPelota under the control of the GPD
promoter (Fig. 1C, bottom panel). These findings indi-
cate that hPelota facilitates the subunit dissociation of
stalled ribosomes and release of the peptide from
tRNA in yeast cells in proportion to the hPelota
expression level. Moreover, peptide was released from
peptidyl-tRNA in cells expressing Drosophila melano-
gaster Pelota (DmPelota) (Fig. 1D), indicating that the
role of Dom34/Pelota in the dissociation of stalled
ribosomes and release of peptide from peptidyl-tRNA
derived from nonstop mRNA is conserved among
eukaryotes.
Domain A of hPelota plays a crucial role
following ribosome binding
A model of docking between the archaea Pelota-EF-
1A complex (aPelota:aEF-1A) with the 80S ribosome
suggested that domain A of Dom34 may interact with
the ribosome-decoding center [32]. This idea was con-
firmed by cryo-EM of the Dom34-Hbs1 complex
bound to the 80S ribosome showing that domain A of
Dom34 interacts with the decoding center of the ribo-
some [33]. We previously reported Dom34 proteins
with mutations in domain A, Dom34-K2A, Dom34-
F47A, and Dom34-∆(F47-T60) [14]. Dom34-F47A and
Dom34-∆(F47-T60), have almost no activity and exert
dominant-negative effects on the activity of wild-type
Dom34 [14]. The Dom34-K2A mutant is also defec-
tive, but still has residual activity [14]. We examined
the roles of the corresponding residues of hPelota in
release of the peptide from stalled ribosomes. The pep-
tidyl-tRNAs from GFP-Rz were detected by western
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blotting in ski2∆dom34∆hbs1∆ cells expressing the hPe-
lota-K2A, -R45A, and -∆(R45-R60) mutants (Fig. 2A,
B), indicating that domain A of hPelota plays a crucial
role in release of the peptide from stalled ribosomes.
Ribosomes coimmunoprecipitated with both wild-type
hPelota and the hPelota-R45A mutant proteins indi-
cate that Pelota-R45A does interact with the 80S ribo-
some (Fig. 2C,D). Consistent with this, ribosomes that
were affinity copurified with FLAG-tagged hPelota-
R45A protein contained peptidyl-tRNA from GFP-Rz
mRNA (Fig. 2E), suggesting that hPelota-R45A has a
defect in a step that occurs after binding to the 80S
ribosome.
hPelota functions in nonstop mRNA decay in
yeast
Previous work showed that Dom34-Hbs1 stimulates
degradation of nonstop mRNA from the 30 end [14].
hPelota promotes the dissociation of stalled ribosomes
in vitro [21], and stimulates the degradation of nonstop
mRNA in mammalian cells [15]. To determine whether
hPelota facilitates the degradation of nonstop mRNA
by dissociating the stalled ribosome from the mRNA,
we examined its role in the degradation of GFP-Rz
mRNA in yeast (Fig. 3A). GFP-Rz mRNA was signifi-
cantly more stable when Dom34 and Hbs1 were absent
from xrn1∆ mutant cells, in which only the 30-to-50
Fig. 1. hPelota facilitates peptide release of peptidyl-tRNA in stalled ribosomes at the 30 end of mRNA in yeast. (A) Quality control of
ribosomes stalled at the 30 end of nonstop mRNA. In the ribosome-associated quality control (RQC) system, stalled ribosomes are
dissociated into subunits via the activity of Dom34-Hbs1 in concert with Rli1, and the peptidyl-tRNA on the 60S subunit is ubiquitylated by
Ltn1 to target it for proteasomal degradation. In NSD, Dom34-Hbs1 dissociates the stalled ribosome from nonstop mRNA, thereby
facilitating the degradation of nonstop mRNA by the exosome. (B) Detection of peptidyl-tRNA derived from GFP-Rz nonstop mRNA in
dom34∆ mutant cells. ski2∆dom34∆hbs1∆ cells harboring p416GPDp-GFP-Rz-FLAG-HIS3 were cotransformed with the indicated hPelota-
expressing plasmids. Cell extracts were analyzed by neutral-PAGE followed by western blotting using anti-GFP or anti-hPelota antibodies.
(C) hPelota facilitates the subunit dissociation of ribosomes stalled at the 30 end of GFP-Rz mRNA. ski2∆dom34∆hbs1∆ cells harboring
p416GPDp-GFP-Rz-FLAG-HIS3 were transformed with the indicated plasmids to express various levels of hPelota. Cell extracts were
prepared, and polysome analysis was performed. Peptidyl-tRNAs derived from GFP-Rz mRNA were analyzed by neutral-PAGE followed by
western blotting using an anti-GFP antibody. (D) The conserved function of Pelota in the release of stalled ribosomes lacking a termination
codon. ski2∆dom34∆hbs1∆ cells harboring p416GPDp-GFP-Rz-FLAG-HIS3 were transformed with plasmids to express Drosophila
melanogaster Pelota (DmPelota). Cell extracts were prepared and analyzed as described in (B).
3257FEBS Letters 590 (2016) 3254–3263 ª 2016 Federation of European Biochemical Societies
K. Ikeuchi et al. Conserved roles of hPelota in quality controls
degradation pathway is active (t1/2 = 4.9 min for
xrn1∆ vs. t1/2 > 32 min for xrn1∆dom34∆hbs1∆). GFP-
Rz mRNA was significantly destabilized when hPelota
was expressed in xrn1∆dom34∆hbs1∆ mutant cells (t1/
2 > 32 min for xrn1∆dom34∆hbs1∆ vs. t1/2 = 8.8 min
for xrn1∆dom34∆hbs1∆+hPelota). GFP-Rz mRNA
was slightly significantly destabilized when hPelota and
hHBS1 were expressed in xrn1∆dom34∆hbs1∆ mutant
cells (t1/2 = 8.8 min for xrn1∆dom34∆hbs1∆+hPelota
vs. t1/2 = 11.5 min for xrn1∆dom34∆hbs1∆ + hPelota,
hHBS1). However, GFP-Rz mRNA was not destabi-
lized when hPelota, hHBS1, and ABCE1 were
expressed in xrn1∆dom34∆hbs1∆ mutant cells (t1/
2 = 8.8 min for xrn1∆dom34∆hbs1∆ + hPelota vs. t1/
2 = 8.8 min for xrn1∆dom34∆hbs1∆+hPelota, hHBS1,
ABCE1). The levels of hPelota, hHbs1, and human
ABCE1 (hABCE1) proteins in the xrn1∆dom34∆hbs1∆
mutant cells shown in Fig. 3A were confirmed by
western blotting with anti-hPelota, anti-hHbs1, and
anti-hABCE1 antibodies (Fig. 3B, lanes 4–6). These
findings suggest that hPelota destabilizes GFP-Rz
mRNA in yeast, probably by releasing stalled ribo-
somes from nonstop mRNA and facilitating access to
the exosome.
hPelota functions in mRNA quality control
induced by stalled ribosomes in yeast
Sequential endonucleolytic cleavages destabilize GFP-
Rz mRNA in dom34D mutant cells [14] (Fig. 4A).
Asc1/RACK1 is also required for the sequential
endonucleolytic cleavages induced by the stalled
Fig. 2. Domain A of human Pelota plays a crucial role following ribosome binding. (A) ski2∆dom34∆hbs1∆ cells harboring p416GPDp-GFP-
Rz-FLAG-HIS3 were transformed with the indicated plasmids to express mutants of hPelota. Cell extracts were prepared, and analyzed as
described in Fig. 1. (B) The positions of the residues in hPelota or yeast Dom34 that are crucial for peptide release. Magenta indicates
residues substituted to alanine in the N-terminal domain (NTD: blue) of hPelota. CTD; C-terminal domain, ce; central domain. These
structural figures were prepared in PyMOL using PDB file 3WXM [32]. (C) Ribosomes were coimmunoprecipitated with hPelota or hPelota-
R45A. SDS/PAGE analyses of affinity-purified samples from dom34∆ mutant cells expressing FLAG-tagged WT or R45A mutant hPelota
proteins. The gel was stained with Coomassie Brilliant Blue. (D) Sucrose gradient analysis of affinity-purified samples from dom34∆ mutant
cells expressing nontagged hPelota (nontag), FLAG-tagged hPelota (WT), or hPelota-R45A mutant protein (R45A). (E) Detection of peptidyl-
tRNA derived from GFP-Rz nonstop mRNA in affinity-purified ribosomes with hPelota or hPelota-R45A. Affinity-purified samples in (C) were
analyzed by neutral-PAGE followed by western blotting using an anti-GFP antibody.
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ribosome at the 30 end of GFP-Rz mRNA in ski2D-
dom34D mutant cells [34]. Upon expression of hPelota,
the levels of fragments derived from GFP-Rz mRNA
were drastically reduced in dom34Dhbs1Dxrn1D mutant
cells (Fig. 4B, lanes 2–4). These findings indicate that
hPelota facilitates the dissociation of ribosomes stalled
at the 30 ends of GFP-Rz mRNA and inhibits the resul-
tant sequential endonucleolytic cleavages in yeast cells.
Discussion
hPelota facilitates the subunit dissociation of
stalled ribosomes
During translation elongation, the complex of EF-1A
and aminoacyl-tRNA binds to the A-site of ribosome
for decoding, and only the cognate aminoacyl-tRNA
stimulates the GTPase activity of EF-1A, resulting in
release of EF-1A. In contrast, a ribosome translating a
nonstop mRNA stalls at the 30 end, and the stalled
ribosome contains peptidyl-tRNA at the P-site but no
mRNA at the A-site. Biochemical studies clearly
demonstrate that the yeast Dom34-Hbs1 and hPelota-
hHbs1 complexes preferentially bind to the empty A-
site and dissociate the stalled ribosome [12,13,21].
Mutations in K2 or F47 of Dom34 diminished both
release of the peptide and degradation of nonstop
mRNA [14]. The Dom34-F47A mutant was defective
and dominantly inhibited wild-type Dom34 activity in
yeast cells [14], suggesting that Dom34-F47A protein is
not defective in binding to the ribosome A-site, but is
defective in the subunit dissociation. In this study, we
show that hPelota can complement the yeast dom34
mutant and facilitate the subunit dissociation of ribo-
somes that are stalled at the 30 end of GFP-Rz mRNA
(Fig. 2A). The K2 or R45 residues of hPelota, which
correspond to the K2 or F47 of yeast Dom34, play cru-
cial roles in the subunit dissociation activity of the pro-
tein (Fig. 2A). The hPelota-R45A mutant protein still
associated with ribosomes containing peptidyl-tRNA
from GFP-Rz mRNA (Fig. 2C–E), suggesting that the
hPelota-R45A has a defect in a step that occurs after
binding to the 80S ribosome. The R45 (R42 in archaea
Pelota) residue is located in the neck of domain A
(Fig. 2B), and may be important for inducing the
proper conformational change, depending on recogni-
tion of the decoding center by loop A. We propose that
proper interaction between domain A of Dom34/hPe-
lota and the ribosome-decoding center is crucial for the
subunit dissociation of ribosomes that are stalled at the
30 end that leads to the termination codon-independent
peptide release.
Fig. 3. Human Pelota (hPelota) facilitates the degradation of nonstop mRNA from the 30 end. (A) The Dom34-Hbs1 complex facilitates the
degradation of GFP-Rz mRNA from the 30 end. (Top) A schematic drawing of GFP-Rz nonstop mRNA derived from the GFP-Rz-HIS3 reporter
gene. GFP-Rz mRNA, which lacks a poly(A) tail and a termination codon, is produced from GFP-Rz-HIS3 mRNA by the self-cleavage activity
of the hammerhead ribozyme (Rz). The DIG-labeled G3 probe corresponding to 654–714 nt of GFP is indicated. (Bottom) The stability of
GFP-Rz mRNA in W303 (wild-type strain), xrn1∆, and xrn1∆dom34∆hbs1∆ mutant cells. Cells were grown in SC-Ura media containing 2%
w/v galactose, and transcription was inhibited by addition of 2% w/v glucose at midlog phase. At the indicated times, cells were harvested,
and the relative levels of GFP-Rz nonstop mRNA were determined by Northern blot analysis using the DIG-labeled G3 probe. The indicated
plasmids expressing hPelota, human Hbs1 (hHbs1), or human ABCE1 (hABCE1) were introduced into xrn1∆dom34∆hbs1∆ cells harboring
p416GAL1p-GFP-Rz-HIS3. (B) The levels of hPelota, Hbs1, and ABCE1 proteins in xrn1∆dom34∆hbs1∆ cells shown in (A). Protein samples
were analyzed by western blotting using anti-hPelota or anti-hHbs1, anti-hABCE1, and anti-yeast eEF2 antibodies. The asterisk indicates a
nonspecific band.
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hPelota functions in quality control of nonstop
mRNA in yeast
Our results indicate that hPelota facilitates the degra-
dation of GFP-Rz mRNA that lacks a termination
codon and a poly(A) tail (Fig. 3A). In dom34∆ mutant
cells, ribosomes stalled at the 30 ends of nonstop
mRNA induce sequential endonucleolytic cleavages
[14]. hPelota facilitates the release of stalled ribosomes,
thereby suppressing these sequential endonucleolytic
cleavages (Fig. 4B). Asc1 is also required for quality
control mechanisms induced by translation arrest [35–
40]. Recently, we reported that ribosome-associated
Asc1/RACK1 is required for the endonucleolytic
cleavage of nonstop mRNA by stalled ribosomes in
the absence of Dom34 [34]. Ribosome-associated
Asc1/RACK1 facilitates the endonucleolytic cleavage
of nonstop mRNA induced by stalled ribosomes and
represses the levels of aberrant products even in the
absence of Dom34. We propose that Asc1/RACK1
acts as a fail-safe in quality control for nonstop
mRNA. It is important to examine if this role of
RACK1 is conserved in higher eukaryotes.
Dom34 and Rli1 are also crucial for ribosome recy-
cling at the 30-UTR of mRNA. The results presented
in this study suggest that hPelota targets arrested ribo-
somes near the end of the 30-UTR as well as at the 30
end of nonstop mRNA. It is crucial to investigate
whether the roles of Dom34-Hbs1 and ABCE1 in ribo-
some recycling at the 30-UTR are conserved in higher
eukaryotes.
Physiological roles of hPelota and quality
controls
Pelota plays crucial roles in the germline. Pelota is
required for meiotic cell division in Drosophila sper-
matogenesis [41], and for early embryonic viability and
cell cycle progression [42]. Pelota also controls the self-
renewal of germline stem cells [43], and regulates the
development of extraembryonic endoderm and epider-
mal differentiation [44,45]. Pelota mediates gonocyte
maturation and maintenance of spermatogonial stem
cells in mouse testes [46]. Besides roles in the germline,
Drosophila Pelota and Hbs1 are required for
Fig. 4. hPelota suppresses multiple endonucleolytic cleavages of GFP-Rz mRNA in the dom34∆ mutant background. (A) A model for quality
control of ribosomes stalled at the 30 ends of nonstop mRNAs in the dom34∆ mutant. In the absence of Dom34, a stalled ribosome at the
30 end of a nonstop mRNA induces sequential cleavage, resulting in the production of a ladder of small fragments protected by ribosomes.
(B) Cells harboring xrn1∆dom34∆hbs1∆ were transformed with the indicated plasmids expressing hPelota, hHbs1, or hABCE1. RNA
samples were prepared from the indicated cells harboring p416GAL1p-GFP-Rz-FLAG-HIS3 and analyzed by 6% TBE-Urea PAGE and
Northern blotting using a DIG-labeled G3 probe.
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transposon silencing in the Drosophila germline [47],
and for high efficiency viral replication [48]. Pelota
also controls resistance to begomovirus in plants [49].
Recent work revealed that defects in GTPBP2, a
Pelota-binding partner in mammals, cause ribosome
stalling in a tRNAArg(UCU) mutant background,
resulting in the death of mouse neurons [50,51]. Per-
turbation of translation products, an increase in the
level of aberrant proteins, or a reduction in the level
of full-length products could induce cell death. Alter-
natively, the stalled ribosome itself may trigger the sig-
naling pathway that induces cell death. The underlying
mechanisms that cause the defects observed in the
mutants of Pelota or its GTP-binding partners remain
largely unknown, and translation defects in these
mutants need to be analyzed precisely and extensively
to understand the roles of the conserved complex in
gene expression and quality control.
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Ribosome-associated Asc1/RACK1 
is required for endonucleolytic 
cleavage induced by stalled 
ribosome at the 3′ end of nonstop 
mRNA
Ken Ikeuchi & Toshifumi Inada
Dom34-Hbs1 stimulates degradation of aberrant mRNAs lacking termination codons by dissociating 
ribosomes stalled at the 3′ ends, and plays crucial roles in Nonstop Decay (NSD) and No-Go Decay 
(NGD). In the dom34∆ mutant, nonstop mRNA is degraded by sequential endonucleolytic cleavages 
induced by a stalled ribosome at the 3′ end. Here, we report that ribosome-associated Asc1/RACK1 is 
required for the endonucleolytic cleavage of nonstop mRNA by stalled ribosome at the 3′ end of mRNA 
in dom34∆ mutant cells. Asc1/RACK1 facilitates degradation of truncated GFP-Rz mRNA in the absence 
of Dom34 and exosome-dependent decay. Asc1/RACK1 is required for the sequential endonucleolytic 
cleavages by the stalled ribosome in the dom34∆ mutant, depending on its ribosome-binding activity. 
The levels of peptidyl-tRNA derived from nonstop mRNA were elevated in dom34∆asc1∆ mutant 
cells, and overproduction of nonstop mRNA inhibited growth of mutant cells. E3 ubiquitin ligase Ltn1 
degrades the arrest products from truncated GFP-Rz mRNA in dom34∆ and dom34∆asc1∆ mutant 
cells, and Asc1/RACK1 represses the levels of substrates for Ltn1-dependent degradation. These 
indicate that ribosome-associated Asc1/RACK1 facilitates endonucleolytic cleavage of nonstop mRNA 
by stalled ribosomes and represses the levels of aberrant products even in the absence of Dom34. We 
propose that Asc1/RACK1 acts as a fail-safe in quality control for nonstop mRNA.
Systems for quality control of aberrant mRNAs prevent production of potentially harmful protein products by 
repressing translation and promoting protein degradation and stimulating mRNA degradation1–5. No-Go Decay 
(NGD) of mRNA, which is triggered by blockage of translation during the elongation step, induces the endonu-
cleolytic cleavage in the vicinity of the stalled site6–10. This cleavage results in the production of two mRNA frag-
ments, a 5′ -NGD intermediate and a 3′ -NGD intermediate, which are further degraded by the exosome and Xrn1 
exoribonuclease, respectively. The 5′ -NGD intermediate lacks a termination codon, and a ribosome translating 
a 5′ -NGD intermediate may be stalled at the 3′ end. For a 5′ -NGD intermediate to be rapidly degraded by the 
exosome, the stalled ribosome at the 3′ end of the mRNA fragment must be dissociated.
Dom34-Hbs1 has been proposed to be involved in the endonucleolytic cleavage of mRNA induced by blockage 
of translation elongation in vivo6,7,9–11. Recent biochemical analyses clearly demonstrated that yeast Dom34-Hbs1 
promotes subunit dissociation and peptidyl-tRNA drop-off12,13. In yeast in vitro reconstituted translation system, 
Dom34-Hbs1 promotes the dissociation of the translation elongation complex into subunits, release of mRNA, 
and drop-off of peptidyl-tRNA12,13. Mammalian Pelota-human Hbs1 (hHbs1) also induces the dissociation of the 
translation elongation complex, but only in the presence of ABCE1, and Hbs1 has only a stimulatory effect14. A 
recent study showed that the yeast Dom34-Hbs1 complex dissociates a ribosome stalled at the 3′ end of a 5′ -NGD 
intermediate and stimulates the exosomal degradation of the 5′ -NGD intermediate in vivo10. The Nonstop Decay 
(NSD) quality control system eliminates nonstop mRNA, and Dom34-Hbs1 also facilitates the degradation of 
nonstop mRNAs from their 3′ ends by exosome10,15. These results indicate that the Dom34-Hbs1 complex plays 
a crucial role in both NGD and NSD by stimulating the degradation of this mRNA by dissociating the ribosome 
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that is stalled at the 3′ end of nonstop mRNA. In dom34∆ mutant cells, a stalled ribosome at the 3′ end of nonstop 
mRNA may inhibit the degradation of nonstop mRNA by exosomes but induce sequential endonucleolytic cleav-
ages. The mechanisms and physiological roles of sequential cleavages induced by stalled ribosome still remain 
elusive.
Nascent peptide-dependent translation arrest is crucial for quality control of eukaryotic gene expression. A 
genetic screen to identify factors required for induction of translation arrest by poly-arginine sequences revealed 
that RACK1 (ASC1 in yeast) is required for translation arrest9. Asc1/RACK1, which is highly conserved in eukar-
yotes, serves as a scaffold protein in many different signal transduction pathways. It also functions in develop-
mental processes, such as sexual differentiation, cell-proliferation control, control of post-synaptic excitation in 
the brain and in hormone response pathways16–19. Asc1/RACK1 stably associates with the 40S subunit in a stoi-
chiometric manner in yeast20–22. However, its role in translational control is still largely unknown. Two important 
questions to be resolved are how Asc1/RACK1 functions during translation arrest; how it can sense the properties 
of the nascent peptide in the ribosomal tunnel on the 60S subunit. Cryo-electron microscopy (Cryo-EM) struc-
ture of yeast ribosome revealed that the structure of the 60S subunit is affected by Asc1/RACK1 depletion23,24. 
Crystal structure studies showed that RACK1 binds to the head region of the 40S subunit in the vicinity of the 
mRNA exit channel21,22. These suggest that binding of Asc1/RACK1 to the 40S subunit stabilizes the conforma-
tion and/or the monitoring of the properties of nascent peptide in the ribosome tunnel by the 80S ribosome. It is 
also possible that recruitment of signaling factors through interactions with Asc1/RACK1 on the 40S subunit are 
required to modulate the activity of the ribosome or translation factors. A recent study showed that Asc1/RACK1 
inhibits ribosomal + 1 frameshifting at tandem CGA rare codons25. These findings suggest that Asc1/RACK1 may 
also modulate translation elongation at specific sites, implying that it plays an important and so far unappreciated 
role in the control of gene expression in eukaryotes.
Here, we describe the mechanism and biological relevance of a novel quality control system induced by stalled 
ribosomes at the 3′ end of mRNA. Asc1/RACK1 stimulated the degradation of truncated GFP-Rz mRNA that 
lacks both a termination codon and a poly(A) tail in dom34∆ asc1∆ mutant cells. The sequential endonucleolytic 
cleavages by stalled ribosomes at the 3′ end of mRNA were drastically decreased by the deletion of ASC1/RACK1. 
Small fragments of truncated GFP-Rz mRNA were purified with stalled ribosomes in an Asc1/Rack1 depend-
ent manner. Overproduction of nonstop mRNA inhibited the growth of the dom34∆ asc1∆ mutant, possibly 
due to the elevated level of peptidyl-tRNA derived from truncated GFP-Rz mRNA. Moreover, the level of the 
peptidyl-tRNA was drastically increased by the deletion of Asc1/RACK1 in dom34∆ mutant background. Finally, 
we found that arrest products from truncated GFP-Rz mRNA in asc1∆ and dom34∆ mutant cells were degraded 
by Ltn1 that is an E3 ubiquitin ligase for co-translational degradation of arrest products. Based on our findings, 
we propose that Asc1/RACK1 stalls ribosome during aberrant translation elongation to induce endonucleolytic 
cleavages thereby reducing the level of aberrant mRNAs.
Results
Asc1/RACK1 facilitates the degradation of truncated GFP-Rz mRNA in the dom34∆ mutant 
background. Previous work showed that Dom34-Hbs1 stimulates degradation of nonstop mRNA from the 
3′ end10 (Fig. 1A). To determine whether Asc1/RACK1 is involved in NSD, we examined its role in the degrada-
tion of GFP-Rz mRNA in the absence of Dom34 (Fig. 1B). GFP-Rz mRNA is produced from GFP-Rz-FLAG-HIS3 
mRNA by the self-cleavage activity of hammerhead ribozyme(Rz), therefore this mRNA lacks a poly(A) tail and 
a termination codon. As previously reported, GFP-Rz mRNA was significantly more stable when Dom34 and 
Hbs1 were absent from the xrn1∆ mutant, in which only the 3′ -to-5′ degradation pathway is active10 (Fig. 1B, 
t1/2 = 4.9 min. for xrn1∆ vs. t1/2 = 27.6 min. for xrn1∆ dom34∆ ). We found that Asc1/RACK1 destabilized GFP-Rz 
mRNA in the absence of Dom34 (Fig. 1B, t1/2 = 4.1 min. for dom34∆ vs. t1/2 = 7.0 min. for dom34∆ asc1∆ ). Asc1/
RACK1 also destabilized GFP-Rz mRNA in ski2∆ dom34∆ mutant background (Fig. 1B, t1/2 = 5.0 min. for ski2∆ 
dom34∆ vs. t1/2 > 32 min. for asc1∆ ski2∆ dom34∆ ). These indicate that Asc1/RACK1 facilitates truncated 
GFP-Rz mRNA decay in the absence of exosome-dependent decay and Dom34.
Asc1/RACK1 is required for endonucleolytic cleavage of truncated GFP-Rz mRNA in the 
dom34∆ mutants. We previously reported that Asc1/RACK1 is involved in NGD, endonucleolytic cleavage 
induced by translation arrest9. Therefore, we hypothesized that sequential endonucleolytic cleavages destabilize 
GFP-Rz mRNA in ski2∆ dom34∆ mutant cells, and Asc1/RACK1 is required for the sequential endonucleolytic 
cleavages induced by the stalled ribosome at the 3′ end of GFP-Rz mRNA in ski2∆ dom34∆ mutant cells. To 
test the possibility that Asc1/RACK1 is required for the sequential endonucleolytic cleavages induced by the 
stalled ribosome, we determined the levels of 40–200 nt fragments derived from GFP-Rz reporter mRNAs by 
Northern blot analysis, as previously described10 (Fig. 2A). Upon deletion of ASC1/RACK1, the levels of frag-
ments derived from GFP-Rz mRNA were drastically reduced in dom34∆ mutant cells (Fig. 2B, lanes 8 and 9), 
ski2∆ dom34∆ mutant cells (Fig. 2B, lanes 10 and 11) or xrn1∆ dom34∆ mutant cells (Fig. 2B, lanes 12 and 13). 
Deletion of ASC1/RACK1 diminished the production of fragments in ski2∆ dom34∆ and xrn1∆ dom34∆ mutant 
cells (Fig. 2C). These findings indicate that Asc1/RACK1 is generally required for the sequential endonucleolytic 
cleavages induced by stalled ribosomes at the 3′ ends of mRNA.
Small fragments of truncated GFP-Rz mRNA were purified with stalled ribosomes in an 
Asc1/Rack1 dependent manner. To confirm that stalled ribosome at the 3′ end of mRNA in dom34∆ 
mutant cells contains small RNA fragments, we purified stalled ribosomes from cells expressing both Protein 
A-TEV-GFP-Rz and Rps2-FLAG proteins as depicted in Fig. 3A. The Protein A-TEV-GFP-Rz truncated products 
derived from GFP-Rz truncated mRNA were purified with IgG affinity beads and eluted by the addition of TEV 
protease. Then stalled ribosomes were affinity-purified with anti-FLAG resin. The stalled ribosomes containing 
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Figure 1. Asc1/RACK1 facilitates truncated GFP-Rz mRNA decay in the absence of 5′- to -3′ decay 
pathway. (A) Quality control of ribosome stalled at the 3′ end of truncated GFP-Rz mRNA. In the ribosome-
associated quality control (RQC) system, a stalled ribosome dissociates into subunits by the functions of 
Dom34-Hbs1 in concert with Rli1, and the peptidyl-tRNA on the 60S subunit is ubiquitylated by Ltn1 Listerin 
in mammal to target it for proteasomal degradation. In NSD, Dom34-Hbs1 dissociates the stalled ribosome 
from nonstop mRNA, thereby facilitating degradation of nonstop mRNA by the exosome. (B) Asc1/RACK1 
facilitates degradation of GFP-Rz mRNA in the absence of Dom34. (Top) Schematic drawing of truncated 
GFP-Rz mRNA derived from the GFP-Rz-FLAG-HIS3 reporter gene. GFP-Rz mRNA, which lacks a poly(A) 
tail and a termination codon, is produced from GFP-Rz-FLAG-HIS3 mRNA by the self-cleavage activity of 
hammerhead ribozyme (Rz). DIG-labeled G3 probe corresponding to 654–714 nt of GFP is indicated. (Bottom) 
The stability of GFP-Rz mRNA in the indicated mutant cells. Cells were grown in SC-Ura media containing 
2%w/v galactose, and transcription was inhibited by addition of 2%w/v glucose at mid-log phase. At the 
indicated times, cells were harvested, and the relative levels of truncated GFP-Rz mRNA were determined by 
Northern blot analysis using a DIG-labeled G3 probe.
Figure 2. Asc1/RACK1 is required for sequential endonucleolytic cleavages induced by stalled ribosomes. 
(A) Multiple endonucleolytic cleavages of truncated GFP-Rz mRNA in the dom34∆ mutant background. 
(B) Asc1/RACK1 is required for multiple endonucleolytic cleavages of GFP-Rz mRNA induced by stalled 
ribosomes. RNA samples were prepared from the indicated cells harboring p416GAL1p-GFP-Rz-FLAG-HIS3 
and analyzed by 1.2% agarose and Northern blotting using DIG-labeled G3 and SCR1 probes. The levels of 
GFP-Rz mRNA and fragments were determined using the samples from ski2∆ dom34∆ asc1∆ cells harboring 
p416GPDp-GFP-Rz-FLAG-HIS3 as a standard curve (lanes 1–5). The relative levels of each mRNA or fragments 
were normalized with respect to the GFP-Rz mRNA level in wild-type cells, which was assigned a value of 100, 
and reported as the mean values from three independent experiments. (C) Asc1/RACK1 is required for multiple 
endonucleolytic cleavages of GFP-Rz mRNA induced by stalled ribosomes. RNA samples were prepared from 
the indicated cells harboring p416GAL1p-GFP-Rz-FLAG-HIS3 and analyzed by 6% TBE-Urea PAGE and 
Northern blotting using DIG-labeled G3 and SCR1 probes.
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peptidyl-tRNA were purified from both dom34∆ mutant and asc1∆ dom34∆ mutant cells with this (Fig. 3B,C). 
Northern blot analysis of the purified samples with GFP G3 probe clearly revealed that the purified stalled ribo-
somes from dom34∆ cells contain fragments derived from GFP-Rz mRNA (Fig. 3D, lane 3). In contrast, stalled 
ribosomes from asc1∆ dom34∆ cells contain less amounts of small fragments derived from GFP-Rz mRNA, and 
the levels of fragments were the same as that from dom34∆ mutant cells (Fig. 3D). These results clearly indicate 
that stalled ribosomes at the 3′ end of GFP-Rz mRNA in dom34∆ mutant cells contain fragments produced by 
sequential endonucleolytic cleavages in an Asc1/RACK1-dependent manner.
An endonucleolytic cleavage induced by stalled ribosome requires ribosome-associated Asc1/
RACK1. We previously reported that Asc1/RACK1 participates in nascent peptide-dependent transla-
tion arrest, and that the binding of Asc1/RACK1 to the 40S subunit is crucial for this translation arrest. The 
asc1D109Y and asc1R38DK40E mutants were found to produce severe defects both in translation repression 
by polybasic sequence and in the association between RACK1 and the ribosome9. We introduced mutations in 
residues located at the sites of interaction of Asc1/RACK1 with the 40S subunit26 (Fig. 4A, pink residues). We 
determined the levels of the full-length products derived from GFP-R12-FLAG-HIS3 (R12) reporter, and three 
Asc1/RACK1 mutant proteins (16HNG18AAA, 38RDK40AAA and 85WDK87AAA) were defective in trans-
lation arrest induced by a polybasic amino-acid sequence (Fig. 4B). Western blot analysis followed by centrif-
ugation in sucrose density gradients revealed that these three Asc1/RACK1 mutant proteins (16HNG18AAA, 
38RDK40AAA and 85WDK87AAA) were defective in interaction with ribosome (Fig. 4C). These results are 
consistent with previous results showing that the binding of Asc1/RACK1 to the 40S subunit is crucial for transla-
tion arrest induced by polybasic sequence9. We next examined whether the 40S subunit binding of Asc1/RACK1 
is crucial for endonucleolytic cleavage induced by stalled ribosome at the 3′ end of nonstop mRNA. Production 
of fragments was diminished in ski2∆ dom34∆ and xrn1∆ dom34∆ mutant cells expressing these Asc1/RACK1 
Figure 3. Purification of stalled ribosome at the 3′ end of GFP-Rz truncated mRNA. (A) Schematic illustration 
of the split-tag affinity purification of the stalled ribosome. (B) Cells harboring pGPDp-ProteinA-TEV-GFP-Rz-
HIS3 were harvested and cell lysates prepared for split-tag purification. Protein samples of the purified fractions 
were analyzed by CBB stain (lanes 1–2). Ribosomes were affinity-purified from Rps2-FLAG cells as a control (lane 
3). (C) Protein samples of the purified fractions were analyzed by NuPAGE followed by Western blot analysis with 
anti-GFP antibody (Top panel) or anti-FLAG, anti-RpL23 and anti-Asc1 antibodies (Bottom panles). (D) RNA 
samples of the purified fractions were analyzed by Northern blotting using DIG-labeled G3 probes after PAGE.
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mutants (Fig. 4D). These indicate that the Asc1/RACK1-bound ribosomes are competent to induce the sequential 
endonucleolytic cleavages induced by stalled ribosomes at the 3′ end of mRNA.
Overproduction of truncated GFP-Rz mRNAs inhibits cell growth of the ski2∆dom34∆asc1∆ 
mutant. Dom34-Hbs1 promotes dissociation of the translation elongation complex into subunits, and we 
detected peptidyl-tRNA derived from GFP-Rz mRNA in cell extracts of the ski2∆ dom34∆ mutant10. Although 
GFP-Rz mRNAs were mainly distributed in heavy polysome fractions, the peptidyl-tRNA is only present in mon-
osome or light polysome fractions10. Because the sequential endonucleolytic cleavages were almost abolished in 
the absence of ASC1/RACK1, we had expected to detect the peptidyl-tRNA derived from GFP-Rz mRNA in heavy 
polysome fractions derived from cell extracts of the ski2∆ dom34∆ asc1∆ mutant. However, in the ski2∆ dom34∆ 
asc1∆ mutant, the peptidyl-tRNA derived from GFP-Rz mRNA was distributed in the monosome and light pol-
ysome fractions, and the distribution of peptidyl-tRNA was almost the same as that in ski2∆ dom34∆ mutant cells 
(Fig. 5A). The levels of peptidyl-tRNA in polysome fractions and the polypeptide in ribosome-free fractions were 
significantly increased by ASC1/RACK1 deletion in the ski2∆ dom34∆ mutant background (Fig. 5A). Therefore, 
we quantified the levels of peptidyl-tRNA and free polypeptide derived from GFP-Rz mRNA in cell lysates 
(Fig. 5B). Neutral-PAGE (NuPAGE) followed by Western blot analysis revealed that the levels of peptidyl-tRNA 
and free polypeptide derived from GFP-Rz mRNA were drastically increased by ASC1/RACK1 deletion in the 
ski2∆ dom34∆ mutant background. The level of peptidyl-tRNA in ski2∆ dom34∆ asc1∆ mutant was 9-fold higher 
Figure 4. Ribosome binding activity of Asc1/RACK1 is required for sequential endonucleolytic cleavages 
induced by stalled ribosomes. (A) The structure diagram was prepared in PyMOL using PDB file 4V88. (Left) 
Residues located in the putative interaction sites of Asc1/RACK1 with the 40S subunit are shown in pink. Residues 
replaced with alanine residues in mutants defective in translation arrest by polybasic sequence and the interaction 
with 40S subunit were shown in Red. (Middle) The residues involved in translation arrest by polybasic sequence 
and the interaction with 40S subunit locate close to H39-H40 and Rps17. (Right) Relative position of D109 of Asc1 
to R33 of Rps17. (B) The ribosome binding of Asc1/RACK1 mutant proteins defective in translation repression by 
polybasic amino-acid sequence. The asc1∆ cells harboring the GFP-R12-FLAG-HIS3 reporter were transformed 
with the various FLAG-Asc1/RACK1 plasmids. The levels of the GFP-R12-FLAG-HIS3 reporter proteins were 
determined by Western blot analysis with anti-GFP and anti-FLAG antibodies. (C) Ribosome binding of Asc1/
RACK1 mutant proteins. Cell extracts were prepared from the asc1∆ cells expressing various FLAG-Asc1/RACK1 
mutant proteins. Extracts were subjected to polysome analysis, followed by Western blot analysis with anti-FLAG 
antibody. (D) Ribosome-associated Asc1/RACK1 is required for multiple endonucleolytic cleavages of GFP-Rz 
mRNA in a dom34∆ mutant background. ski2∆ dom34∆ asc1∆ mutant cells harboring p416GAL1p-GFP-Rz-
FLAG-HIS3 were transformed with the indicated plasmids expressing Asc1/RACK1 mutants. RNA samples were 
analyzed by 6% TBE-Urea PAGE and Northern blotting using DIG-labeled G3 probes.
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than that in ski2∆ dom34∆ mutant cells, and the level of free polypeptide GFP-Rz in the ski2∆ dom34∆ asc1∆ 
mutant was 24-fold higher than that in ski2∆ dom34∆ mutant cells (Fig. 5B). These findings indicate that nonstop 
protein may be synthesized from GFP-Rz mRNA even in the absence of the Dom34-Hbs1 complex. Therefore, 
we propose that ribosomes stalled at the 3′ end of mRNA in the absence of Dom34-Hbs1 may be dissociated 
into subunits in the asc1∆ mutant background. To determine the biological significance of this novel quality 
control system, we examined the effects of overproduction of aberrant mRNAs without termination codons in 
both ski2∆ dom34∆ asc1∆ mutant and ski2∆ dom34∆ mutant. To overproduce GFP-Rz mRNA, cells harboring 
pGAL1p-GFP-Rz-FLAG-HIS3 plasmid were grown on SC-Ura plates containing galactose. Overproduction of 
GFP-Rz nonstop mRNA inhibited growth of the ski2∆ dom34∆ asc1∆ mutant, but not the ski2∆ dom34∆ mutant 
(Fig. 5C). We propose that when the quality control system by Dom34-Hbs1 is impaired, Asc1/RACK1 plays a 
crucial role in the repression of aberrant products derived from mRNAs lacking termination codons by inducing 
sequential endonucleolytic cleavages.
Arrest products from truncated GFP-Rz mRNA were subjected to Ltn1-dependent degradation 
in asc1 and dom34 mutant cells. Co-translational degradation of polypeptide nascent chains plays a criti-
cal role in quality control of protein synthesis and the rescue of stalled ribosomes. Nonstop proteins are recognized 
by the ribosome-associated quality control (RQC) machinery, and targeted for proteasomal degradation27–32. 
Dom34-Hbs1 and its mammalian homolog Pelota-hHbs1 is involved in RQC by facilitating the dissociation of 
stalled ribosomes at the 3′ end of mRNA32. We previously reported that the level of the protein products derived 
from the reporter gene containing poly-lysine sequences within the ORF was drastically increased in asc1∆ 
mutant, whereas the levels of arrest products were significantly decreased in asc1∆ mutant even in the presence 
of the proteasome inhibitor9. Therefore, we determined the levels of GFP-Rz and the peptidyl-tRNA in dom34∆ 
and dom34∆ asc1∆ mutant cells. Ltn1 significantly decreased the levels of Nonstop products in dom34∆ mutant 
cells (Fig. 6A, lanes 1 and 3) and dom34∆ asc1∆ mutant cells (Fig. 6A, lanes 2 and 4). The ATPase activity of 
the Ski2-3-8 complex was abolished by E445Q mutation in the Ski2 DExH core33. The level of GFP-Rz mRNA 
was increased in the presence of Ski2-E445Q mutant protein in wild type cells (Fig. 6B). Because of the prob-
lems during the construction of ski2∆ asc1∆ ltn1∆ dom34∆ tetra mutants, we introduced the dominant negative 
Ski2-E445Q mutant to inhibit the exosome activity33. In the presence of Ski2-E445Q mutant protein, Ltn1 also 
Figure 5. Asc1/RACK1 inhibits protein production from nonstop mRNA in the absence of Dom34. (A) Cell 
extracts were prepared from the indicated cells harboring p416GPDp-GFP-Rz-FLAG-HIS3 plasmid, and polysome 
analysis was performed. (Top) Absorbance at 254 nm. (Middle) Neutral-PAGE followed by Western blotting with 
anti-GFP antibodies. (Bottom) Northern blotting using DIG-labeled G3 probes. (B) Levels of peptidyl-tRNA 
derived from GFP-Rz mRNA in ski2∆ dom34∆ or ski2∆ dom34∆ asc1∆ mutant cells. Cell extracts were analyzed 
by Neutral-PAGE, followed by Western blotting using anti-GFP and anti-eEF2 antibodies. The levels of GFP-Rz 
and peptidyl-tRNA were determined using the samples from ski2∆ dom34∆ asc1∆ cells harboring p416GPDp-
GFP-Rz-FLAG-HIS3 as a standard curve (lanes 1–6). The relative levels of each GFP-Rz and peptidyl-tRNAs 
were normalized with respect to the levels of GFP-Rz and peptidyl-tRNAs in wild-type cells, which was assigned 
as a value of 100, and reported as the mean values from three independent experiments. (C) Overproduction of 
aberrant mRNAs lacking a termination codon inhibits growth of the ski2∆ dom34∆ asc1∆ mutant. Cells harboring 
pGAL1p-GFP-Rz-FLAG-HIS3 were grown in SC-Ura media containing 2% raffinose to log-phase, and the cells in 
a series of dilutions were grown on SC-Ura plates containing 2% glucose or 2% galactose.
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decreased the levels of GFP-Rz and the peptidyl-tRNA in dom34∆ and dom34∆ asc1∆ mutant cells (Fig. 6A, 
lanes 5–8). These indicate that Ltn1 degrades the arrest products from truncated GFP-Rz mRNA even in the 
absence of Asc1 and Dom34.
Discussion
The Dom34-Hbs1 complex dissociates ribosomes stalled at the 3′ ends of 5′ -NGD intermediates and non-
stop mRNAs and stimulates their degradation by the exosome10. In dom34∆ mutant cells, such stalled ribo-
somes induce sequential endonucleolytic cleavages10. These cleavages have been proposed to play novel 
roles in NGD and NSD by reducing the levels of 5′ -NGD intermediates or nonstop mRNA in the absence of 
Dom34-Hbs1-dependent mRNA decay mediated by the exosome10. The results in this study clearly showed that 
Asc1/RACK1 is required for sequential endonucleolytic cleavages induced by stalled ribosome at the 3′ end of 
truncated GFP-Rz mRNA. Asc1/RACK1 also was reported to facilitate the endonucleolytic cleavages induced by 
translation arrests by polybasic sequences9. Therefore we propose that Asc1/RACK1 is a quality control factor to 
stimulate the endonucleolytic cleavages by stalled ribosome generally.
The level of GFP-Rz mRNA in ski2∆ dom34∆ asc1∆ mutant was 2.5-fold higher than that in ski2∆ dom34∆ 
mutant cells (Fig. 2B). The levels of peptidyl-tRNA and GFP-Rz derived from truncated GFP-Rz mRNA were 
increased more than 9-fold and 24-fold respectively, by ASC1/RACK1 deletion in the ski2∆ dom34∆ mutant back-
ground (Fig. 5B). Therefore, translation efficiency based on the ratio between protein products and mRNA levels 
was significantly increased by ASC1/RACK1 deletion in the ski2∆ dom34∆ mutant background. Moreover, Asc1/
RACK1 moderately but significantly stabilized GFP-Rz mRNA in xrn1∆ dom34∆ mutant background (Fig. 1B, 
t1/2 = 27.6 min. for xrn1∆ dom34∆ vs. t1/2 = 18.2 min. for asc1∆ xrn1∆ dom34∆ ), suggesting that Asc1/RACK1 
Figure 6. Nonstop products derived from truncated GFP-Rz mRNA were degraded by RQC in dom34 and 
dom34asc1 mutant cells. (A) Levels of peptidyl-tRNA and GFP-Rz protein derived from GFP-Rz mRNA were 
significantly increased by the deletion of Ltn1 in dom34∆ or dom34∆ asc1∆ mutant cells. Cell extracts prepared 
from the indicated cells containing GFP-Rz-FLAG-HIS3 reporter were analyzed by Neutral-PAGE, followed by 
Western blotting using anti-GFP antibody. When indicated, cells were transformed with Ski2 E445Q plasmid 
(Lanes 5–8). (B) The level of truncated GFP-Rz mRNA was increased in wild type cells in the presence of 
dominant-negative Ski2-E445Q protein. (C) A model for quality control of ribosomes stalled at 3′ ends of 
nonstop mRNAs in dom34∆ and dom34∆ asc1∆ mutant. (Top) In the absence of Dom34, a stalled ribosome 
at the 3′ end of a nonstop mRNA induces sequential cleavage, resulting in production of a ladder of small 
fragments protected by ribosomes. (Bottom) In the absence of Dom34 and Asc1/RACK1, a ribosome reaching 
the 3′ end of a nonstop mRNA dissociates from mRNA as an 80S particle containing peptidyl-tRNA. In both 
mutant cells, Ltn1 degrades nonstop products derived from GFP-Rz mRNA.
www.nature.com/scientificreports/
8Scientific RepoRts | 6:28234 | DOI: 10.1038/srep28234
facilitates the exosome-dependent decay from 3′ end of GFP-Rz mRNA. We suspect that ribosomes reaching the 
3′ end of a nonstop mRNA rapidly dissociate as 80S particles containing peptidyl-tRNA in the absence of Dom34 
and Asc1/RACK1, resulting in elevated levels of peptidyl-tRNA derived from nonstop mRNA. We previously 
reported that Asc1/RACK1 is required for translation arrest induced by polybasic amino-acid sequence or tandem 
rare codons9,34. Taken together, these observations suggest that Asc1/RACK1 plays general roles in translation 
regulation and mRNA quality control systems, and that Asc1/RACK1-bound ribosomes have the potential to stall 
in response to specific nascent peptide sequences, low levels of aminoacyl-tRNA, or a lack of a codon at the A-site.
Recent study showed that Asc1 promotes translation of mRNAs with short open reading frames35. The D109Y 
mutant showed translational defects that, although correlated with those observed in the asc1∆ mutants were 
much smaller in magnitude. The R38DK40E mutant showed almost negligible effects on translation35. In contrast, 
the defects of Asc1 mutants (38RDK40AAA, 85WDK87AAA, D109Y) in translation arrest by polybasic sequence 
and the endonucleolytic cleavage induced by stalled ribosome were almost the same as that of the asc1∆ mutant, 
although 16HNG18AAA mutant showed moderate effects (Fig. 4). We propose that robust and proper interaction 
between Asc1/RACK1 with 40S subunit may be crucial for co-translational quality controls to induce translation 
elongation or mRNA cleavage, but dispensable to promote translation of mRNAs with short open reading frames. 
Drosophila RACK1 is required in the 40S ribosomal subunit for IRES-dependent translation of Cricket Paralysis 
Virus and the picorna-like Drosophila C Virus36. D108Y and R38D/K40E mutants were defective in these virus 
RNAs36, suggesting the regulatory roles of the interaction of Asc1/RACK1 with 40S subunit. The identification of 
the interacting partner for Asc1/RACK1 is crucial to elucidate mechanisms of RACK1-dependent regulation of 
translation or mRNA decay.
The results in this study clearly showed that Ltn1 destabilizes aberrant nonstop polypeptides even in the 
absence of the ribosome dissociation factor Dom34:Hbs1 as previously reported34. We also found that Ltn1 dest-
abilizes nonstop products derived from GFP-Rz mRNA in the absence of ASC1/RACK1. These indicate that 
ASC1/RACK1 is dispensable for RQC for nonstop products. Previous results showed that Ltn1 destabilizes arrest 
products derived from GFP-R12-FLAG-HIS3 reporter in a RACK1-dependent manner34, indicating that the roles 
of Asc1/RACK1 in RQC differs depending on where ribosomes stalled. Mechanisms of the dissociation of stalled 
ribosomes are still largely unknown, and future study will identify putative factors that recognize stalled ribosome 
and induce the subunit dissociation independent of Dom34-Hbs1.
Methods
Strains and other methods. The strains and plasmids used in this study are listed in Supplementary Table 1. 
Northern blot analysis, protein preparation, Western blot analysis were performed as previously described10,27.
Yeast extract and sucrose gradient separation. Yeast cells were grown exponentially at 30 °C and har-
vested by centrifugation. Cell extracts were prepared as described previously20. The equivalent of 50 A260 units were 
layered onto linear 10–50% sucrose density gradients. Sucrose gradients (10–50% sucrose in 10 mM Tris-acetate 
pH 7.4, 70 mM ammonium acetate, and 4 mM magnesium acetate) were prepared in polyallomer tubes (Beckman 
Coulter) using a Gradient Master. Crude extracts were layered on top of the sucrose gradients and centrifuged at 
150,000 × g in a P28S rotor (Hitachi Koki, Japan) for 3 hours at 4 °C. Gradients were then fractionated (TOWA lab, 
Tsukuba). Polysome profiles were generated by continuous absorbance measurement at 254 nm using a single path 
UV-1 optical unit (ATTO BioMini UV-monitor) connected to a chart recorder (ATTO digital mini-recorder). 
Equal volume fractions were collected and processed for Northern or Western blotting as described above37.
Determination of mRNA stability. Yeast cells were grown in minimal medium (SC medium) containing 2% 
galactose. Cells were grown to OD600 = 0.6, harvested and resuspended in medium containing 2% glu-
cose to inhibit transcription from the GAL1 promoter. At the indicatedtimes, the cells were har-
vested to prepare RNA samples by acidic phenol RNA extraction method using water-saturated phenol 
and phenol-chloroform-isoamylalcohol (25:24:1) mixture. mRNA levels of reporter genes were deter-
mined by Northern blotting using digoxigenin (DIG)-labeled GFP probes prepared by PCR-based nucleic 
acid labeling using PCR DIG Probe Synthesis kit (Roche, NJ, USA) according to the procedure speci-
fied by the manufacturer and primers 5′ -GCTCTAGAATGAGTAAAGGAGAAGAACTTTTCAC-3′ and 
5′ -GGACTAGTTTTGTATAGTTCATCCATGCCA-3′ . GFP G3 probe is a 5′ end DIG-labeled oligonucleotide 
5′ -TTTGTATAGTTCATCCATGCCATGTGTAATCCCAGCAGCAGTTACAAACTCAAGAAGGACC-3′ . The 
intensity of bands on the blots was quantified on a LAS4000 mini (GE Healthcare). Relative RNA levels were deter-
mined using Multi Gauge v3.0 (Fujifilm, Japan) by comparison to a standard curve using a series of dilutions of 
samples from time 0 (just before the addition of glucose).
Split-tag affinity purification of stalled ribosomes. Stalled ribosomes were purified from cells 
expressing both ProtA-TEV-GFP-Rz-His3 containing and Rps2-FLAG proteins by split-tag affinity purification. 
Yeast cells were transformed with plasmids harbouring ProteinA-TEV-GFP-Rz-HIS3 gene were cultured in 1 L 
of synthetic complete medium. The ProteinA-TEV-GFP-Rz was affinity-purified from whole cell lysates using 
IgG SepharoseTM (GE Healthcare), followed by the treatment with TEV protease. Ribosome complex containing 
ProteinA-TEV-GFP-Rz was purified with Anti-DYKDDDDK tag antibody beads (Wako, Japan) and eluted by 
250ng/µ L of FLAG peptides.
Detection of peptidyl-tRNA. Cell extracts or polysome fractions were analyzed by NuPAGE (Invitrogen, 
USA) followed by Western blotting with anti-GFP antibodies10. To destroy the RNA moiety of peptidyl-tRNA, 
RNase A was added to the samples at a final concentration of 10 mg/l and the samples were incubated at 37 °C for 
10 min. (data not shown).
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Spot assay. Cells harboring p416GAL1p-GFP-Rz-FLAG-HIS3 plasmids were grown with SC-Ura media con-
taining 2% raffinose to OD600 = 0.3. The cells were spotted on SC-Ura plate containing 2% glucose or 2% galac-
tose after a series of 10-fold dilution, and incubated at 30 °C for 2 days (glucose) or 3 days (galactose).
Overexpression of dominant-negative Ski2 and inhibition of exosome. The ATPase activity of 
the Ski2-3-8 complex was abolished by E445Q mutation in the Ski2 DExH core33. To inhibit exosome activity, 
p415GPDp-SKI2 E445Q plasmids were introduced to cells. Inhibition of exosome was confirmed by northern blot 
to detect GFP-Rz mRNA.
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Protein quality control systems associated with no-go
and nonstop mRNA surveillance in yeast
Ryo Matsuda†, Ken Ikeuchi†, Sene Nomura† and Toshifumi Inada*
Graduate School of Pharmaceutical Sciences, Tohoku University, Sendai 980-8578, Japan
Quality control systems eliminate aberrant proteins derived from aberrant mRNAs. Two E3
ubiquitin ligases, Ltn1 and Not4, are involved in proteasomal protein degradation coupled to
translation arrest. Here, we evaluated nonstop and translation arrest products degraded in a
poly(A) tail-independent manner. Ltn1 was found to degrade aberrant nonstop polypeptides
derived from nonstop mRNA lacking a termination codon, but not peptidyl-tRNA, even in
the absence of the ribosome dissociation complex Dom34:Hbs1. The receptor for activated C
kinase (RACK1/ASC1) was identified as a factor required for nascent peptide-dependent trans-
lation arrest as well as Ltn1-dependent protein degradation. Both Not4 and Ltn1 were involved
in the degradation of various arrest products in a poly(A) tail-independent manner. Further-
more, carboxyl terminus-truncated degradation intermediates of arrest products were stabi-
lized in a cdc48-3 mutant defective in unfolding or the disassembly related to proteasomal
degradation. Thus, we propose that stalled ribosomes may be dissociated into subunits and
that peptidyl-tRNA on the 60S subunit is ubiquitinated by Ltn1 and Cdc48 is required for the
degradation following release from tRNA.
Introduction
mRNA surveillance systems recognize aberrant trans-
lation elongation and termination and induce rapid
mRNA decay. In particular, recent studies have
shown that aberrant proteins derived from aberrant
mRNAs are recognized and rapidly degraded by spe-
cific quality control systems and that this process is
crucial for repressing the expression of aberrant prod-
ucts. Aberrant mRNA lacking a termination codon
(nonstop mRNA) is produced mainly by polyadeny-
lation within an open reading frames (ORF) and is
rapidly degraded by the quality control system desig-
nated nonstop decay (NSD) (Frischmeyer et al. 2002;
van Hoof & Parker 2002). In addition to the rapid
decay of nonstop mRNA by exosomes, rapid
degradation of nonstop proteins is another crucial
mechanism for preventing aberrant protein expression
(Inada & Aiba 2005; Ito-Harashima et al. 2007;
Wilson et al. 2007; Bengtson & Joazeiro 2010).
The stalling of ribosomes during translational elon-
gation due to the formation of stable RNA secondary
structures, depurination of mRNA, rare codons or
premature stop codons leads to endonucleolytic
cleavage of the mRNA in the vicinity of the stalled
site, a process that is referred to as no-go decay
(Doma & Parker 2006; Gandhi et al. 2008; Chen
et al. 2010; van den Elzen et al. 2010; Kobayashi
et al. 2010; Izawa et al. 2012; Tsuboi et al. 2012).
Translation arrest induced by a nascent peptide with
positively charged residues results in co-translational
degradation of the arrested protein product by the
proteasome (Dimitrova et al. 2009). Two ubiquitin
ligases, Not4 and Ltn1, are involved in the degrada-
tion of the arrest product resulting from a poly-lysine
sequence (Wilson et al. 2007; Dimitrova et al. 2009;
Bengtson & Joazeiro 2010; Brandman et al. 2012;
Defenouillere et al. 2013). Not4 is a component of
the Ccr4-Not deadenylase, but is not essential for the
activity and assembly of that complex (Bai et al.
1999). Not4 acts as an E3 ubiquitin ligase for the nas-
cent peptide-associated complex (NAC) (Panasenko
et al. 2006; Mulder et al. 2007). In addition, Not4
associates with polyribosomes, as revealed by poly-
some fractionation (Dimitrova et al. 2009; Panasenko
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& Collart 2012), and is involved in protein degrada-
tion of the translation arrest products produced by
poly-lysine sequences, but not those of nonstop pro-
teins (Dimitrova et al. 2009). Ltn1 is also involved in
the co-translational protein degradation of arrest
products produced by the translation of poly(A)
sequences (Wilson et al. 2007; Bengtson & Joazeiro
2010). The mechanisms by which ubiquitin ligases
recognize aberrant products produced from aberrant
mRNAs have been investigated. For example, Ltn1
was shown to be involved in co-translational protein
degradation of arrest products produced by the trans-
lation of poly(A) sequences, suggesting that Ltn1 may
recognize the specific conformation used by a stalled
ribosome when translating a poly(A) sequence
(Bengtson & Joazeiro 2010). ASC1 encodes an
orthologue of a receptor for activated C kinase
(RACK1) in Saccharomyces cerevisiae, and it was also
identified as a factor required for nascent peptide-
dependent translation arrest. RACK1/ASC1-
dependent translation arrest was shown to lead to
co-translational degradation of the arrest product by
the proteasome (Kuroha et al. 2010). These findings
suggest that RACK1/ASC1 may be crucial for the
recognition of aberrant polypeptides by Ltn1; how-
ever, the role of RACK1/ASC1 in Ltn1-dependent
rapid degradation of aberrant products by the protea-
some has not been investigated.
Ltn1 is specifically associated with the 60S ribo-
somal subunit, suggesting that ubiquitination of aber-
rant proteins may take place on 60S subunits
containing peptidyl-tRNA in vivo (Bengtson & Joaze-
iro 2010; Brandman et al. 2012) and in vitro (Shao
et al. 2013). The Dom34:Hbs1 complex stimulates
the endonucleolytic cleavage of mRNA induced by
translation arrest in vivo (Doma & Parker 2006; Chen
et al. 2010; van den Elzen et al. 2010; Kobayashi
et al. 2010) and dissociates the subunits of stalled
ribosomes in vitro (Shoemaker et al. 2010; Pisareva
et al. 2011; Shoemaker & Green 2011). In addition,
Dom34:Hbs1 dissociates stalled ribosomes at the 3′
end of nonstop mRNA and stimulates its degradation
by exosomes in vivo (Kobayashi et al. 2010; Izawa
et al. 2012). However, the relationship between
Dom34:Hbs1-dependent subunit dissociation of
stalled ribosomes and Ltn1-dependent rapid degrada-
tion of nonstop protein products remains to be
resolved.
Recent studies have identified novel factors,
including Rqc1 and Tae2, involved in co-translational
degradation of arrest products produced by polybasic
amino-acid-sequence-inducing translation arrest
(Brandman et al. 2012; Defenouillere et al. 2013).
Rqc1, Tae2 and Ltn1 are members of the 60S sub-
unit-bound complex, and 60S binding of Rqc1 is
independent of Ltn1 and Tae2, whereas 60S binding
of Tae2 is independent of Rqc1. Furthermore, affin-
ity-purified Rqc1 or Tae2 proteins have been associ-
ated with the 60S subunit and ubiquitinated products,
indicating that these factors stimulate but are not
essential for the ubiquitination of arrest products on
the 60S subunit. Rqc1 levels are auto-regulated by a
negative feedback loop that depends on the basic
amino acid sequence at the N-terminal region of
Rqc1. In addition, Cdc48 and its cofactors, Ufd1 and
Npl4, are also associated with the 60S subunit com-
plex, and the binding of the Cdc48-Ufd1-Npl4 com-
plex largely depends on Ltn1 and Tae2, which
suggests that ubiquitinated arrest products on the
60S subunit may recruit the Cdc48 complex. Recent
studies have also clearly showed that Cdc48/p97
promotes the degradation of aberrant nascent polypep-
tides bound to the ribosome (Brandman et al. 2012;
Defenouillere et al. 2013; Verma et al. 2013).
In this study, we examined the mechanism of co-
translational degradation of aberrant proteins by the
proteasome, as well as the roles of two E3 ubiquitin
ligases and the stalled ribosome dissociation factor
Dom34:Hbs1. We found that aberrant nonstop poly-
peptides derived from nonstop mRNA lacking a poly
(A) tail were dramatically stabilized following LTN1
deletion in the absence of the ribosome dissociation
factor Dom34:Hbs1. Furthermore, both Not4 and
Ltn1 were involved in the degradation of various
arrest products associated with RACK1/ASC1-
dependent translation arrest. Degradation intermedi-
ates of arrest products were stabilized in a cdc48-3
temperature-sensitive mutant, and the degradation
intermediate was found to lack a carboxyl-terminal
region. These findings suggest that aberrant proteins
may be degraded from the carboxyl terminus and that
unfolding of target proteins by Cdc48 is required for
proteasomal degradation. Based on these results, we
propose models for the protein degradation pathways
associated with no-go and nonstop mRNA surveil-
lance systems.
Results
Ltn1 degrades products of mRNAs lacking a
termination codon regardless of a poly(A) tail
To determine the substrate specificity of Ltn1, the
degradation of an aberrant protein derived from a
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stop codon-less mRNA that lacks a poly(A) tail was
examined in the ltn1 mutant. The Dom34:Hbs1
complex was required for protein synthesis from the
stop codon-less GFP-Rz mRNA that was produced
from the GFP-Rz-FLAG-HIS3 (Rz) reporter gene
via the self-cleavage of a hammerhead ribozyme
sequence inserted within the ORF (Fig. 1A) (Kobay-
ashi et al. 2010; Izawa et al. 2012; Tsuboi et al.
2012). The amount of protein derived from GFP-Rz
mRNA was significantly increased in ltn1D mutant
cells, but not not4D mutant cells (Fig. 1B, lanes
9-12). As expected, the level of protein derived from
GFP-FLAG-HIS3-NS (NS) mRNA, which contains
a poly(A) tail, was also significantly increased in ltn1D
mutant cells, but not in not4D mutant cells (Fig. 1B,
lanes 5–8). These findings indicate that Ltn1 primarily
degrades protein products derived from aberrant
mRNAs that lack a termination codon. Furthermore,
a deletion or point mutation in the RING domain of
Ltn1, which decreases the binding affinity of the E2
ubiquitin-conjugating enzyme, was defective in
down-regulating both nonstop proteins (Fig. 1C,
lanes 5–12). We confirmed that the expression level
of each protein was almost the same as that of wild
type (Fig. S1 in Supporting Information), indicating
that the absence of complementation in the mutants
is due to loss of protein interaction and not of
absence of truncated or mutated forms of these pro-
teins. These data indicate that the E3 ubiquitin ligase
activity of Ltn1 is required for the degradation of
nonstop proteins and that translation of a poly(A) tail
in nonstop mRNA is not essential for efficient Ltn1-
dependent proteasomal degradation.
It has previously been proposed that nonstop prod-
ucts may be co-translationally degraded by the pro-
teasome (Ito-Harashima et al. 2007; Dimitrova et al.
2009; Bengtson & Joazeiro 2010). To determine
whether peptidyl-tRNA derived from GFP-Rz
mRNA is increased in ltn1D mutant cells, NuPAGE
followed by Western blotting with an anti-GFP anti-
body was carried out. The level of translated GFP-
Rz was increased in ltn1D or ltn1Dnot4D mutant
cells, but peptidyl-tRNA was barely detectable, even
in the mutants (Fig. 1D), suggesting that peptidyl-
tRNA on stalled 80S ribosomes might not be a sub-
strate for the ligase, as previously proposed (Bengtson
& Joazeiro 2010; Brandman et al. 2012). Dom34:
Hbs1 is known to be required for the dissociation of
ribosomes that are stalled at the 3′ end of GFP-Rz
mRNA and for peptide release from tRNA in vivo
(Tsuboi et al. 2012). To examine whether peptidyl-
tRNA was stabilized in ltn1Ddom34D mutant cells,
polysome analysis followed by NuPAGE and Western
blotting with an anti-GFP antibody was carried out.
In ltn1D mutant cells, the amount of free peptide in
the ribosome-free fractions was increased, but pept-
idyl-tRNA was barely detectable (Fig. 1E, WT and
ltn1D panels). The peptidyl-tRNA detected in
dom34D mutant cells was scarcely increased in
ltn1Ddom34D mutant cells, although the level of free
peptide was drastically increased (Fig. 1E, dom34D
and ltn1Ddom34D panels). The level of free peptide
in dom34D mutant cells was also increased following
treatment with the proteasome inhibitor MG132, but
the level of peptidyl-tRNA was not (Fig. 1E,
dom34D+MG132 panel). These findings indicate that
aberrant nonstop polypeptides were drastically stabi-
lized by LTN1 deletion even in the absence of the
ribosome dissociation factor Dom34.
Substrate specificity of Ltn1 in protein
degradation coupled to translation arrest
Ltn1 destabilizes aberrant products derived from
GFP-Rz mRNA lacking a poly(A) tail, indicating
that translation arrest induced by the poly(A)
sequence is not essential for Ltn1-dependent protein
degradation. To address the substrate specificity of
Ltn1 for co-translational degradation by the protea-
some, the stabilization of the arrest products derived
from various reporters shown in Fig. 2A was exam-
ined. The arrest products derived from GFP-K12-
FLAG-HIS3 (K12) or GFP-rare-FLAG-HIS3 (Rare)
mRNA were stabilized in ltn1D mutant cells
(Fig. 2B, lanes 9–10, 13–14). In contrast, the levels
of the full-length products of the K12, Rare and
C-K12 reporters were not increased in the ltn1D
mutant (Fig. 2B, lanes 10, 12, 14, 16, 18). Further-
more, Ltn1 mutants with a deletion or a point muta-
tion in the RING domain were defective in the
down-regulation of both arrest proteins (Fig. 2C,
lanes 11–12, 15–16). These results indicate that Ltn1
is involved in the proteasomal degradation of transla-
tion arrest products, and it is consistent with recent
study(Letzring et al. 2013).
RACK1/ASC1 is required for translation arrest by
polybasic amino acid sequences, and the arrest prod-
uct derived from the GFP-K12-FLAG-HIS3 reporter
was not detected in rack1/asc1D mutant cells even in
the presence of MG132 (Kuroha et al. 2010). There-
fore, we examined translation arrest in various
reporter genes and found that the levels of the full-
length product of the Rare reporter, as well as the
K12 and C-K12 reporter, were increased in rack1/
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asc1D mutant cells (Fig. 2B, lanes 11–12, 15–16, 18–
19), whereas the levels of the full-length products of
GFP-FLAG-HIS3 and GFP-(GGN)12-FLAG-HIS3
reporter mRNAs were not (Fig. 2B, lanes 3–4, 7–8).
These data indicate that RACK1/ASC1 is involved






Figure 1 Ltn1 destabilizes nonstop protein products. (A) Schematic drawing of the reporter NS (GFP-FLAG-HIS3-NS) and Rz
(GFP-Rz-FLAG-HIS3) mRNAs lacking a termination codon. The filled boxes indicate the open reading frames, the lines represent
nontranslated regions, and the tract of As denotes the poly(A) tail. The dark box shows the FLAG tag sequence, and Rz indicates a
hammerhead ribozyme sequence that induces self-cleavage. (B) The level of nonstop products was increased in ltn1D, but not not4D,
mutant cells. Yeast strains containing the p416GPDp-GFP-FLAG-HIS3 (!), p416 GPDp-GFP-FLAG-HIS3-NS (NS) or p416
GPDp-GFP-Rz-FLAG-HIS3 (Rz) reporter plasmids were analyzed by Western blotting with anti-GFP (Top panel) or anti-EF-1a
antibodies (Bottom panel). When indicated, the samples were diluted 10-fold. (C) Binding of Ltn1 to the E2 enzyme is required for
the down-regulation of nonstop products. W303ltn1D mutant cells containing the GFP-FLAG-HIS3-NS (NS) or GFP-Rz-FLAG-
HIS3 (Rz) nonstop reporter genes were transformed with plasmids expressing wild-type Ltn1 or Ltn1 mutant proteins defective in
binding to the E2 enzyme. The levels of arrest products were determined by Western blotting with anti-GFP (Top panel) or anti-
EF-1a antibodies (Bottom panel). When indicated, the samples were diluted 10-fold. (D) Peptidyl-tRNA derived from GFP-Rz
mRNA was not increased in ltn1D mutant cells. Cell extracts were analyzed by NuPAGE followed by Western blotting. The indi-
cated samples were treated with RNaseA before NuPAGE. (E) Aberrant polypeptides were dramatically stabilized by LTN1 deletion
in the absence of Dom34. Cell extracts were prepared from cells harboring the p416GPDp-GFP-Rz-FLAG-HIS3 plasmid, and
polysome analysis followed by NuPAGE and Western blotting with an anti-GFP antibody was carried out. Cell extracts indicated
by +MG132 were prepared 2 h following the addition of 0.2 mM MG132 and analyzed by Western blot analysis.
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and tandem rare codons, but may not GGN repeats
sequence. The level of the arrest products of the K12
reporter or the Rare reporter construct was increased
in the ltn1D mutant (Fig. 2B, lanes 9–10 and 13–14).
However, the level of these arrest products in the
rack1/asc1D mutant was not increased by the deletion
of LTN1 (Fig. 2B, lanes 12, 16). These results indi-
cate that Ltn1 is involved in the degradation of arrest
products in an RACK1/ASC1-dependent manner.
Synergistic action of two E3 ubiquitin ligases in
the proteasomal degradation of arrest products
Two distinct E3 ubiquitin ligases, Not4 and Ltn1, are
involved in the degradation of arrest products associated
with translation arrest, although the relationship
between these two ubiquitin ligases remains largely
unknown. To determine the substrate specificity of




Figure 2 Ltn1 degrades aberrant proteins produced by various types of translation arrest. (A) Schematic drawing of the reporter
GGN (GFP-GGN-FLAG-HIS3), K12(AAA) (GFP-K12-FLAG-HIS3) and Rare (GFP-rare codons-FLAG-HIS3) mRNAs. The
filled boxes indicate the open reading frames, the lines represent nontranslated regions, and the tract of As denotes the poly (A)
tail. The dark box shows the FLAG tag sequence, and X indicates the region of various translation arrest-inducing sequences. (B)
Ltn1 destabilizes arrest products produced by RACK1/ASC1-dependent translation arrest. Indicated yeast cells containing the
GFP-FLAG-HIS3 (!), GFP-(GGN)12-FLAG-HIS3 (GGN), GFP-K12(AAA)-FLAG-HIS3 (K12), GFP-rare codons-FLAG-HIS3
(Rare) or GFP-FLAG-HIS3-K12 (C-K12) reporter genes were grown in SC-Glu Ura medium, and protein samples were analyzed
as in Fig. 1B. When indicated, protein samples were diluted 10-fold. (C) The binding of Ltn1 to E2 enzyme is required for the
degradation of arrest products derived from reporter genes. The ltn1D mutant cells containing the GFP-FLAG-HIS3 (!), GFP-
(GGN)12-FLAG-HIS3 (GGN), GFP-K12(AAA)-FLAG-HIS3 (K12), GFP-rare codons-FLAG-HIS3 (Rare) or GFP-FLAG-HIS3-
K12 (C-K12) reporter genes were transformed with plasmids expressing Ltn1 or Ltn1 mutant proteins defective in binding to the
E2 enzyme. The levels of arrest products were determined by Western blotting with an anti-GFP antibody. When indicated, pro-
tein samples were diluted 10-fold.
© 2013 The Authors
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products were measured in not4D and not4Dltn1D
mutant cells. The levels of arrest products derived from
K12 or Rare reporter mRNA were stabilized in both
not4D and ltn1D mutant cells and were dramatically
increased in not4Dltn1D double mutant cells (Fig. 3A,
lanes 9–16). In addition, the Not4 mutant with a point
mutation in the RING domain was defective in the
down-regulation of arrest products derived from K12
(Fig. 3B). By contrast, the levels of proteins derived
from GFP-Rz-FLAG-HIS3 (Rz) or GFP-FLAG-HIS3-
NS (NS) mRNA were significantly increased in ltn1D
or not4Dltn1D double mutant cells, but not in not4D
mutant cells (Fig. 1B, lanes 6–8 and 10–12). These data
indicate that Not4 destabilizes the arrest products pro-
duced by translation arrest within mRNA, but not those
that occur at the 3′ end of mRNA, which is consistent
with previous results (Dimitrova et al. 2009).
Not4 is involved in protein degradation of transla-
tion arrest products produced by poly-lysine sequences
(Dimitrova et al. 2009), but not those of nonstop pro-
teins(Dimitrova et al. 2009; Bengtson & Joazeiro 2010;
Duttler et al. 2013). To address the role of the poly(A)
tail in Not4-dependent degradation of arrest products,
we examined the degradation of arrest products
derived from GFP-K12-FLAG-HIS3-Rz reporter
mRNAs lacking a poly(A) tail (Fig. 3C, -Rz con-
structs). The level of GFP-K12-FLAG-HIS3-Rz
mRNA was lower than that of GFP-K12-FLAG-HIS3
mRNA in wild-type or not4Dltn1D mutant cells
(Fig. 3E, lanes 1–2 and 7–8), and there was no signifi-
cant difference between the levels of these mRNAs in
not4D or ltn1D single mutants (Fig. 3E, lanes 3–4 and
5–6). In contrast, the level of full-length product
derived from GFP-K12-FLAG-HIS3-Rz was also sig-
nificantly decreased (Fig. 3D, even lanes), and the lev-
els of arrest products were significantly increased
following LTN1 deletion in the NOT4 (Fig. 3D, lanes
1–2 and 5–6) or not4D mutant background (Fig. 3D,
lanes 3–4 and 7–8). In addition, the levels of arrest
products were slightly increased as a result of NOT4
deletion in the LTN1 (Fig. 3D, lanes 1–4) or ltn1D
mutant background (Fig. 3D, lanes 5–8). But the levels
of arrest products were not affected by artificial
removal of the poly(A) tail in any cases; these data sug-
gest that the poly(A) tail may not be required for the
degradation of arrest products by Ltn1 and Not4.
Ubiquitin-dependent degradation may occur after
peptide release from the tRNA
Cdc48 is a member of the hexameric AAA family of
proteins that possess two ATPase domains, and this
protein converts energy from ATP hydrolysis to
structurally remodel or unfold ubiquitinated proteins
for efficient degradation by the proteasome (Bebeacua
et al. 2012). Cdc48 is also involved in the ER-associ-
ated degradation (ERAD) pathway, which is the most
thoroughly characterized protein quality control sys-
tem (Meyer 2012). The current model for ERAD
proposes that aberrant proteins are translocated to the
cytosol from the ER, and then an Ufd1-Npl4-Cdc48
complex extracts the aberrant protein for degradation
by the proteasome (Brandman et al. 2012; Defenou-
illere et al. 2013; Verma et al. 2013). Cdc48 associates
with the 60S subunit as a complex with Ltn1 and
other novel factors required for the degradation of
arrest products produced by translation arrest medi-
ated by poly-lysine sequences (Brandman et al. 2012;
Defenouillere et al. 2013). To address the role of
Cdc48 in the degradation of aberrant nonstop pro-
teins and the degradation of arrest products, the
expression of the K12 and Rare reporter proteins was
examined in cdc48-3 mutant cells in which the
degradation of ERAD substrates was defective at the
permissive temperature. Western blotting with an
anti-GFP antibody was used to detect putative degra-
dation intermediates of translation arrest products
derived from GFP-FLAG-HIS3-C-K12 (C-K12)
reporter mRNA (Fig. 4A, lane 18), but not of other
reporter proteins in the ltn1D mutant (Fig. 4A, lanes
1–16). We found that cdc48-3 mutant cells always
express less reporter proteins than the wild-type cells,
suggesting that this may be due to overall reduction
in translation activity in the mutant. To confirm that
degradation intermediates stabilized in cdc48-3 mutant
cells containing an intact GFP moiety, a 3xHA tag
sequence was inserted at the amino terminus of the
reporter genes (Fig. 4B). The stabilized products
derived from 3HA-GFP-FLAG-HIS3-C-K12 (HA-C-
K12) and 3HA-GFP-FLAG-HIS3-Rare (HA-C-Rare)
mRNA were detected using anti-HA antibodies
(Fig. 4C, top panel), and these findings indicated that
the stabilized products derived from the C-K12 repor-
ter mRNA contained intact GFP and part of the His3
protein. Although the level of intermediate product
derived from the C-K12 reporter mRNA was signifi-
cantly reduced in the ltn1Dcdc48-3 mutant, the level
of the full-length C-K12 product was increased
(Fig. 4A, lanes 19-20), and the arrest products derived
from K12 or Rare reporter genes were also detected
(Fig. 4A, lanes 11–12, 15–16). We also carried out
Western blot with anti-FLAG antibodies to show the
presence of the FLAG, which would indicate that the
GFP is intact in these intermediate products (Fig. 4C,
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middle panel). These results indicate that Ltn1 acts
upstream of Cdc48, which is consistent with the
hypothesis that, in the degradation of arrest products,
Ltn1 may ubiquitinate peptidyl-tRNA on the 60S
ribosome and that the proteasome degrades aberrant
polypeptides from the carboxyl terminus after release
from the tRNA. These results also suggest that Cdc48
may be required for unfolding of the GFP moiety of






Figure 3 Substrate specificity of the two ubiquitin ligases in protein degradation coupled to translation arrest. (A) Wild-type,
not4D mutant, ltn1D mutant and ltn1Dnot4D mutant cells containing the indicated reporter genes were grown in SC-Glu Ura
medium, and protein samples were analyzed as in Fig. 1B. (B) The binding of Not4 to the E2 enzyme is required for the down-
regulation of arrest products. W303not4D mutant cells containing GFP-FLAG-HIS3 (!), GFP-K12(AAA)-FLAG-HIS3 (K12) or
GFP-rare codons-FLAG-HIS3 (Rare) reporter genes were transformed with plasmids expressing Not4 wild-type (WT) or
Not4L35A mutant protein (L35A) defective in binding to the E2 enzyme or control plasmid (!). Protein samples were prepared,
and the levels of arrest products were determined by Western blotting with anti-GFP (Top panel) or anti-EF-1a antibodies (Bot-
tom panel). When indicated, protein samples were diluted 10-fold. (C) Schematic drawing of the GFP-K12(AAA)-FLAG-HIS3
and GFP-K12(AAA)-FLAG-HIS3-Rz reporter mRNAs. The filled boxes indicate the open reading frames, the lines represent
nontranslated regions, and the tract of As denotes the poly(A) tail. The dark box shows the FLAG tag sequences, and Rz indicates
the hammerhead ribozyme sequence that induces self-cleavage. (D) The poly(A) tail is not required for the degradation of arrest
products by Not4. Indicated yeast cells containing the GFP-K12(AAA)-FLAG-HIS3 (!) or GFP-K12(AAA)-FLAG-HIS-Rz
(-Rz) reporter genes were grown in SC-Glu Ura medium, and protein samples were analyzed as in Fig. 1B. (E) The levels of
reporter mRNAs were not affected in the indicated mutants. The relative levels of reporter mRNAs were determined by North-
ern blotting using DIG-labeled GFP or SCR1 probes, as described previously (Tsuboi et al. 2012).
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Discussion
Previous studies have showed that mRNA quality
control systems stimulate the degradation of aberrant
mRNA to prevent the potentially harmful products
derived from aberrant mRNAs. Recent studies on
quality control systems induced by abnormal transla-
tion elongation and termination have revealed
that both aberrant mRNAs and proteins are subjected
to rapid degradation (Ito-Harashima et al. 2007;
Dimitrova et al. 2009; Bengtson & Joazeiro 2010;
Kuroha et al. 2010; Brandman et al. 2012; Defenou-
illere et al. 2013; Shao et al. 2013; Verma et al.
2013). In this study, we examined the mechanism of
co-translational degradation of aberrant proteins by
the proteasome, as well as the roles of two E3 ubiqu-
itin ligases, ribosome-stalling factor RACK1/ASC1
and the stalled ribosome dissociation factor Dom34:




Figure 4 Ltn1-dependent degradation of aberrant proteins is triggered from the carboxyl terminus. (A) Wild-type, cdc48-3, ltn1D
and ltn1Dcdc48-3 cells were transformed with the indicated reporter genes and grown in SC-Glu Ura medium at the permissive
temperature of 25 °C. Protein samples were analyzed as in Fig. 1B. When indicated, protein samples were diluted 10-fold. (B)
Schematic drawing of the C-K12 (3HA-GFP-FLAG-HIS3-K12(AAA)) and C-Rare (3HA-GFP-FLAG-HIS3-rare codons) reporter
mRNAs for detecting the degradation intermediates stabilized in the cdc48-3 temperature-sensitive mutant. The filled boxes indi-
cate the open reading frames, the lines represent nontranslated regions, and the tract of As denotes the poly(A) tail. Two dark
boxes show the HA and FLAG tag sequences, and X indicates the translation arrest-inducing sequences containing K12 or Rare.
(C) The degradation intermediates stabilized in the cdc48 temperature-sensitive mutant contained the entire GFP region. Wild-
type and cdc48-3 mutant cells were transformed with p416GPDp-3HA-GFP-FLAG-HIS3-K12(AAA) (HA-C-K12) or p416GPDp-
3HA-GFP-FLAG-HIS3-rare codons (HA-C-Rare). Cells were grown in SC-Glu Ura medium at 25 °C, and protein samples were
analyzed by Western blotting with anti-HA (top panel) anti-FLAG (middle panel) or anti-aeEF-1a (bottom panel) antibodies.
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Not4 have synergistic effects on the degradation of
arrest products (Fig. 3) and that the poly(A) tail may
not be required for the degradation of arrest products
by these two ligases (Figs 1,3). Ltn1 plays a crucial
role in the degradation of arrest products derived
from mRNAs containing arrest-inducing sequences,
including polybasic amino acid sequences and rare
codons (Fig. 2). Furthermore, Ltn1 may recognize
peptidyl-tRNA on stalled ribosomes and ubiquitinate
this complex for degradation by the proteasome. In
contrast, Not4 may bind to the 80S ribosome that is
stalled within the mRNA, but not at the 3′ end of
the mRNA, which is consistent with the ribosome
binding specificity of these ligases, as Not4 is found
in the polysome fractions (Dimitrova et al. 2009) and
Ltn1 is mainly distributed in the 60S subunit (Bengt-
son & Joazeiro 2010; Brandman et al. 2012). We did
not directly detect ubiquitination of aberrant proteins
on polysomes. Therefore, whether Ltn1 ubiquitinates
polypeptides from aberrant mRNAs before or after
peptidyl-tRNA hydrolysis is still unknown. Based on
these results, we have proposed models for the degra-
dation of arrest products. When a ribosome is stalled
within mRNA during translation elongation in a
RACK1/ASC1-dependent manner, it is dissociated,
and Ltn1 may ubiquitinate the peptidyl-tRNA on the
60S subunit or the peptide released from tRNA.
Moreover, Ltn1 and Not4 have synergistic effects on
the degradation of arrest products, and Not4 may
bind to the stalled 80S ribosome, but not to the 60S
subunit containing the peptidyl-tRNA.
Translation arrest due to poly-arginine sequences
or tandem rare codons was defective in the RACK1/
ASC1 mutant (Fig. 2) (Kuroha et al. 2010). More-
over, the level of the protein products derived from
the reporter gene containing poly-lysine sequences
within the ORF was drastically increased in the
RACK1/ASC1 deletion mutant, whereas the levels
of arrest products were significantly decreased in the
RACK1/ASC1 deletion mutant even in the absence
of Ltn1 (Fig. 2). The precise mechanism by which
RACK1/ASC1 induces translation arrest by two dif-
ferent cis-elements, including specific nascent peptide
sequences and a low abundance of aminoacyl-tRNA,
has largely remained unknown. However, 40S-bound
RACK1/ASC1 is important for regulating translation
by sensing aberrant elongation reactions. In addition,
RACK1/ASC1 makes extensive contacts with the
phosphate backbone and bases of h39 and h40 of 18S
rRNA (Rabl et al. 2011). RACK1/ASC1 is also asso-
ciated with rpS16e, S17e and S3e over a large contact
surface (Rabl et al. 2011), and these ribosome pro-
teins near the exit tunnel of the 40S subunit play cru-
cial roles in the fidelity of translation elongation.
Therefore, translation defects in RACK1/ASC1
mutants must be investigated to understand the pre-
cise function of RACK1/ASC1 in translation arrest
induced by specific cis-elements.
Dom34:Hbs1 stimulates the decay of nonstop
mRNAs and 5′ NGD intermediates by dissociating
ribosomes that are stalled at the 3′ end of the mRNA
and plays an important role in NSD and NGD (Tsu-
boi et al. 2012). The results in this study showed that
both Not4 and Ltn1 are involved in the degradation
of arrest products associated with RACK1/ASC1-
dependent translation arrest, whereas the Dom34:
Hbs1 complex is only minimally involved in the
rapid degradation of arrest products. When a ribo-
some is stalled within an mRNA during translation
elongation, it may be dissociated in a Dom34:Hbs1-
independent manner. Subsequently, the peptidyl-
tRNA on the 60S subunit is ubiquitinated by Ltn1,
leading to degradation by the proteasome. In contrast
to ribosome stalling within the mRNA, when the
ribosome is stalled at the 3′ end of aberrant mRNAs
lacking a termination codon, there are two potential
consequences (Fig. S2 in Supporting Information).
First, the Dom34:Hbs1 complex may bind to an
empty A-site and stimulate dissociation of the ribo-
some, leading to the rapid degradation of aberrant
mRNAs, as previously reported (Tsuboi et al. 2012).
The GTPase activity of Hbs1 is stimulated by ribo-
some and induces the release of Hbs1 from Dom34/
Pelota that is required for the split of ribosome by
main ribosome-recycling factor Rli1/ABCE1(Pisarev
et al. 2010; Shoemaker et al. 2010; Pisareva et al.
2011; Shoemaker & Green 2011; Becker et al.
2012). Rli1/ABCE1 interacts with carboxyl-terminal
domain of Dom34/Pelota and splits 80S ribosome
into subunits in an ATP hydrolysis-dependent man-
ner in vitro (Pisareva et al. 2011; Shoemaker & Green
2011; Becker et al. 2012). During subunit dissociation
by the Dom34:Hbs1 complex, the polypeptide may
be released from the tRNA, but not subjected to
ubiquitination by Ltn1. In the alternative pathway,
the stalled ribosome may be dissociated into the 40S
subunit and the 60S subunit containing the peptidyl-
tRNA. Then, the peptidyl-tRNA on the 60S subunit
may be subjected to Ltn1-dependent ubiquitination
and degraded by the proteasome. The protein quality
control system for nonstop products produced from
nonstop mRNA containing a poly(A) tail differs from
that associated with the degradation of aberrant non-
stop proteins produced from stop codon-less mRNA
© 2013 The Authors
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lacking a poly(A) tail. Translation of a poly(A) tail
induces strong translation arrest (Inada & Aiba 2005;
Ito-Harashima et al. 2007). However, some popula-
tions of ribosomes may be stalled at the 3′ end of
mRNA, dissociated by Dom34:Hbs1 and degraded
by the exosome. Moreover, neither Not4 nor
RACK1/ASC1 is essential for the degradation of
nonstop proteins derived from nonstop mRNA
(Dimitrova et al. 2009; Kuroha et al. 2010). We did
not directly detect ubiquitination of aberrant proteins
derived from GFP-Rz mRNA on polysomes
(Fig. 1E), and there are two possibilities that Ltn1
may ubiquitinate peptidyl-tRNAs and/or peptides
released from the peptidyl-tRNAs derived from non-
stop mRNA lacking a termination codon.
Cdc48/p97 promotes the degradation of aberrant
nascent polypeptides bound to the ribosome (Brand-
man et al. 2012; Verma et al. 2013). It has been
showed that the ubiquitinated proteins were accumu-
lated and associated with ribosomes, and cdc48-3 cells
accumulated even peptidyl-tRNAs of the nonstop
mRNA with poly(A). This seems to be inconsistent
with the fact that Ltn1, acting upstream of Cdc48,
accumulate polypeptides but not peptidyl-tRNAs
from nonstop mRNAs without poly(A) in Fig. 1C.
One possibility is that this is due to the condition of
the harvest. In Verma et al.’s study, cdc48-3 ts cells
were harvested after the 2-h growth at restricted tem-
perature. In contrast, we have harvested cdc48-3 cells
grown at permissive temperature and might show the
less severe defects than that at restricted temperature.
The other possibility is that Ltn1 acts on peptidyl-
tRNAs and polypeptides derived from aberrant
mRNAs differently according to the existence of
poly(A) on the mRNAs. Indeed, Cdc48 is also
required for efficient degradation of a approximately
30 kDa intermediate without the C-terminal region
of C-K12, whose mRNA is not only an arrested
mRNA but also a mimic of a non-stop mRNA with
poly(A). These suggest that Cdc48 may have several
action points in degradation of translation products
from arrested mRNA. Although the mechanism by
which E3 ubiquitin ligases recognize stalled ribosomes
remains to be resolved, it is clear that nascent peptides
are subjected to different protein quality control sys-
tems and that improper translation elongation is suffi-
cient to induce degradation. Our results suggest that
Cdc48 may unfold aberrant proteins for efficient pro-
teasome-dependent degradation in the degradation of
arrest products and aberrant nonstop proteins. We pro-
pose that Cdc48 may play two roles in protein quality
control systems coupled to aberrant translation: dissoci-
ation of the peptidyl-tRNA on the 60S subunit and
unfolding of aberrant proteins derived from aberrant
mRNAs. Further experiments are needed to make
clear the function of Cdc48 in the degradation of arrest
products derived from various aberrant mRNAs.
Experimental procedures
Strains and plasmids
The yeast strains and plasmids used in this study are listed in
Table S1 (Supporting Information), and the oligonucleotides
used for plasmid construction are described in Table S2 (Sup-
porting Information).
Detection of peptidyl-tRNA
Peptidyl-tRNA was detected using cell extracts and polysome
fractions using NuPAGE followed by Western blotting as
described previously (Tsuboi et al. 2012). To destroy the
RNA moiety of peptidyl-tRNA, RNase A was added to the
samples at a final concentration of 10 lg/ml and was incu-
bated at 37 °C for 10 min.
Polysome analysis
Yeast cells were grown exponentially at 30 °C and harvested
by centrifugation. Cell extracts were prepared as described
previously (Inada & Aiba 2005). The equivalent of 50 A260
units was then layered onto linear 10%–50% sucrose density
gradients. Sucrose gradients (10%–50% sucrose in 10 mM Tris-
acetate pH 7.4, 70 mM ammonium acetate, 4 mM magnesium
acetate) were prepared in 25 9 89 mm polyallomer tubes
(Beckman Coulter) using a gradient master. Crude extracts
were layered on top of the sucrose gradients and then centri-
fuged at 150 000 g in a P28S rotor (Hitachi Koki, Japan) for
2.5 h at 4 °C. Gradients were then fractionated (TOWA lab,
Tsukuba), and polysome profiles were generated by continu-
ous absorbance measurements at 254 nm using a single path
UV-1 optical unit (ATTO Biomini UV-monitor) connected
to a chart recorder (ATTO, digital mini-recorder). Fractions
of equal volume were collected and processed for NuPAGE
followed by Western blotting, as described above.
Plasmid construction
Plasmids expressing various Ltn1 proteins were constructed as
follows. To construct pIT2125 (p415GPDp-HA-FLAG), a
SpeI-XhoI fragment of HA-LTN1 was amplified by PCR using
the two primers OKK228 and OKK229, and this product was
then inserted into the SpeI-XhoI sites of p415ADHp. To con-
struct pIT2126 (p415GPDp-HA-LTN1DRING) or pIT2127
(p415GPDp-HA-LTN1-W1542E), mutations were introduced
by site-directed mutagenesis using the primers listed in Table
Genes to Cells (2014) 19, 1–12 © 2013 The Authors
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S2 (Supporting Information). To construct pIT2128 (p415GP
Dp-LTN1-FLAG), pIT2129 (p415GPDp-LTN1DRING-
FLAG) or pIT2130 (p415GPDp-LTN1-W1542E-FLAG),
SpeI-XhoI fragments of pIT2125 (p415GPDp-HA-FLAG),
pIT2126 (p415GPDp-HA-LTN1DRING) or pIT2127
(p415GPDp-HA-LTN1-W1542E) were amplified by PCR
using the two primers OIT1802 and OIT1884, and the
product was then inserted into the SpeI-XhoI sites of
p415ADHp.
To construct the pIT2131 (p416GPD-GFP-K12(AAA)-
FLAG-HIS3-Rz) reporter, the hammerhead ribozyme
sequence (Rz) was inserted into pIT2051 (pGPDp-GFP-K12
(AAA)-FLAG-HIS3) by site-directed mutagenesis using the
primers listed in Table S2 (Supporting Information).
To construct pIT2132 (p416GPD-GFP(BHD)-FLAG-
HIS3), mutations to disrupt the BamHI site were introduced
into pSA144 (pGPDp-GFP-FLAG-HIS3-CYC1ter) by site-
directed mutagenesis using the primers listed in Table S2 (Sup-
porting Information). The two oligonucleotides OKK80 and
OKK81 were annealed and inserted into the XbaI site of
pIT2132 to create the pIT2133 (p416GPD-3HA-GFP(BHD)-
FLAG-HIS3) reporter. The two oligonucleotides OIT980 and
OIT981 were annealed and inserted into the SpeI site of
pIT2133 to create pIT2134 (p416GPD-3HA-GFP(BHD)-K12
(AAA)-FLAG-HIS3). The two oligonucleotides OIT431 and
OIT432 were annealed and inserted into the SpeI site of
pIT2133 to create pIT2135 (p416GPD-3HA-GFP(BHD)-rare-
FLAG-HIS3). The two oligonucleotides OIT1181 and
OIT1182 were annealed and inserted into the SpeI site of
pIT2133 to create pIT2136 (p416GPD-3HA-GFP(BHD)-Rz-
FLAG-HIS3). The two oligonucleotides OIT2147 and
OIT2148 were annealed and inserted into the BamHI site of
pIT2133 to create pIT2137 (p416GPD-3HA-GFP(BHD)-
FLAG-HIS3-K12(AAA)). The two oligonucleotides OIT2145
and OIT2146 were annealed and inserted into the BamHI site
of pIT2134 to create pIT2138 (p416GPD-3HA-GFP(BHD)-
FLAG-HIS3-rare).
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